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Abstract 
 

Globally, stroke is the leading cause of disability and the second leading cause of death. 

Management of ischemic stroke involves rapid administration of thrombolytic therapy (clot 

dissolving medication) for eligible patients, acute stroke unit care, and rehabilitation therapy to 

improve function. Pedalling using a stationary exercise bicycle is a safe and effective lower limb 

rehabilitation strategy in stroke patients that is known to improve aerobic capacity; however, the 

repetitive nature of pedalling is associated with poor motivation and exercise adherence as well 

as lack of perceived self-efficacy. Audio-visual engagement and feedback during exercise 

therapy has been shown to improve satisfaction and adherence; however, little is known about 

the effect of active visual engagement on exercise performance during pedalling. 

This thesis proposed an exercise monitoring study in healthy people and stroke patients 

employing a custom pedalling mechanism that monitored the exercise, provided immediate 

feedback on pedalling performance, and facilitated engagement through the use of video. The 

study involved six sessions of pedalling at a set low, and high-speed under exercise feedback and 

video-based engagement conditions. Heart rate (HR) and blood oxygen saturation (SpO2), as 

well as pedalling speed deviations, were recorded during the study. Healthy subjects 

demonstrated improvement in pedalling performance and reduction in exercise-induced changes 

in HR and SpO2 while pedalling with feedback and engagement. In contrast, stroke patients 

showed a significant improvement in pedalling performance only. The findings may be useful in 

prescription of pedalling exercises for rehabilitation, and in improving exercise compliance. 
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Intravenous recombinant tissue plasminogen activator (rt-PA) thrombolysis treatment 

remains the only FDA approved therapy for acute ischemic stroke, but is associated with 

symptomatic intracerebral haemorrhage (SICH). Since administration of thrombolytic therapy is 

time critical, early evaluation of the risk of SICH using readily available patient information 

before treatment may enable the clinician to identify at-risk rt-PA induced SICH candidates and 

potentially improve therapeutic outcomes and reduce disability. The thesis proposes 

development of a predictive model to facilitate prompt estimation of the SICH risk using pre-

treatment clinical and demographic patient data that are typically readily available to the 

clinician. The risk factors associated with SICH were identified using bi-variate analysis on 

patient records which included those of 1479 ischemic stroke patients treated with thrombolysis 

at 20 hospitals across 3 Australian states. Odds ratios were computed for each binary variable 

and stratified continuous variables to create a risk score. The risk score was defined between 0 

and 53, and was stratified into 4 categories: very low risk (0 – 6), low risk (7 – 12), moderate risk 

(13 – 19) and high risk (over 20). The rate of any symptomatic ICH in the cohort was 1.75% 

(very low risk), 3.47% (low risk), 9.16% (moderate risk), and 15.32% (high risk). The c-statistic 

was 0.761 for continuous risk score (0 – 53) and 0.717 for stratified risk levels (very low / low / 

moderate / high risk) in the training dataset. A smaller value of c-statistics, 0.723 and 0.697, 

were obtained for continuous and stratified risk zones, respectively. A mobile application was 

developed for computing SICH risk, which may be useful for clinicians as a tool for SICH risk 

estimation. The findings of this thesis will help to address morbidity of stroke in the community 

by reducing complications of thrombolytic treatment through better patient selection, as well and 

increasing participation in exercise therapy through more engaging and satisfying rehabilitation. 
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Chapter 1: Introduction 
 

 

1.1 Background 

Globally, stroke is a leading cause of disability and the second leading cause of death after 

ischemic heart disease (Feigin et al. 2015, 2014; Katan and Luft 2018). There were 13.7 million 

new stroke cases in 2016, and this number is expected to grow to 23 million by 2030 (Zunt et al. 

2018). In 2016, stroke caused 5.5 million deaths worldwide. As per the Global Burden of 

Diseases report from 2015, despite a decrease in age-standardised death rates and prevalence of 

stroke with time, the overall burden of stroke has remained high (Feigin et al. 2015). Global 

stroke burden, measured in disability-adjusted life years (DALY) lost by combining the potential 

life lost due to premature death with the years of productive life lost due to disability, is 

projected to rise from 86 Million DALYs in 1990, 102.2 Million in 2010 to 200 Million DALYs 

in 2030 (Feigin et al. 2016). 

Stroke is a neurological condition which results in rapid functional loss of the brain due to an 

interruption in blood flow to the affected part of the brain (Taylor 2009). There are two main 

types of stroke: ischemic stroke and haemorrhagic stroke. Ischemic stroke, accounting for 85% 

total strokes, is the result of a blocked blood vessel in the brain, usually caused by a blood clot 

that blocks the blood supply to a part of the brain tissue. The remaining 15% of stroke, the 

haemorrhagic stroke, occurs when a blood vessel is ruptured, and the blood leaks inside the 

brain, as intracerebral haemorrhage (ICH) or within the subarachnoid space, as subarachnoid 

haemorrhage (SAH). Management of stroke entails urgent acute treatment with medication such 
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as thrombolytic therapy for eligible patients to salvage ischemic penumbra, and a targeted 

rehabilitation therapy with the aim of improving capacity to carry out  activities of daily living 

ADL (Perler 2005; Beckerman 2017; Pereira et al. 2001). 

Thrombolysis using Intravenous recombinant tissue Plasminogen Activator (rt-PA) is the only 

approved therapy for an acute ischemic stroke (Asuzu et al. 2015). However, thrombolysis is 

associated with symptomatic intracerebral haemorrhage (SICH) as post-treatment complication 

resulting in an unfavourable outcome and increased mortality. Fear of SICH limits the 

widespread adaptation of the therapy – even eligible stroke patients are denied timely treatment. 

Thrombolytic treatment of ischemic stroke is time critical as every minute delay in stroke 

thrombolysis results in the decreased likelihood of a favourable clinical outcome. It is reported 

that every half-an-hour delay in treatment leads to a further 10% increase in disability rate 

(Khatri et al. 2014). Early estimation of SICH risk may help to decide whether to administer 

thrombolysis, which has the potential to reduce post-treatment complications and potentially 

save lives. Several studies have explored medication (Weiser and Sheth 2013; Kunte et al. 2012), 

pre-treatment brain imaging (Toni et al. 1996), and analytical methods (Soize et al. 2013; Asuzu 

2017; Asuzu et al. 2015; Cucchiara et al. 2008; Daniel Strbian et al. 2012; Kent et al. 2006) to 

predict the risk of SICH to screen the patients prior to thrombolysis. However, these methods 

suffer from poor prediction accuracy, computational complexity and selection of clinical 

variables that may not be readily available at the time of treatment (Mazya et al. 2012; Kent et al. 

2006; Lou et al. 2008; Cucchiara et al. 2008; H. J. Lee et al. 2017). Therefore, this thesis 

proposes the development of a SICH risk score that is simple to compute using minimal yet 

critical clinical variables and predict SICH with better accuracy than existing methods. Having 
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the predictive model as an easy-to-use tool and integrating it into acute stroke care workflow 

would enable clinicians to make life-saving decisions in emergency situations. 

Several studies have indicated that a rigorous, task-specific, goal-oriented and feedback-

mediated rehabilitation therapy improves function and quality of life (Kalra and Ratan 2007; 

Krakauer 2006). Yet, poor exercise compliance is reported due to the repetitive nature of 

exercises, lack of self-efficacy and inadequate patient-engagement after the discharge from the 

hospital (Jurkiewicz et al. 2011). Advances in information and communications technology 

(ICT) have opened up avenues for the development of various systems to complement stroke 

rehabilitation in the home setting and facilitate long-term self-managed rehabilitation and 

behaviour change (Parker et al. 2014; Salazar et al. 2014). Use of external audio-visual stimuli, 

virtual immersive environment, gamification techniques and effective feedback on the exercise 

regime have shown to reduce the mental burden of exercise and improve rehabilitation 

compliance (Friedman et al. 2014; K. M. Gerling et al. 2010; Nethery 2002; van Vliet and Wulf 

2006; Shiri et al. 2012; Lind 2009). Solutions that allow sustenance of rehabilitation beyond 

acute phase, reduce the dependency on services and promote self-management would benefit the 

growing community of stroke survivors, their carers and families (F. Jones 2006; Parker et al. 

2014).  

This thesis describes the use of video-based engagement and visual feedback in rehabilitation 

therapy to improve patient satisfaction and exercise compliance. Developing a home-based 

rehabilitation system coupled with patient-activity monitoring has the potential to enable data 

collection and remote monitoring of exercise regimes, provision of immediate feedback on 

exercise performance, and increased motivation and engagement in home-based therapy.  
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1.2 Research questions 

The low-interaction and repetitive nature associated with rehabilitation exercises leads to poor 

adherence and reduced therapy effectiveness in stroke patients. Demotivated patients may 

withdraw from therapy entirely, which may have significant adverse effects on functional 

outcomes and quality of life. Use of biofeedback and external audio-visual stimuli has been 

shown to improve exercise adherence in healthy individuals. However, their influence on 

exercise performance and physiology in stroke patients has not been thoroughly investigated. 

This thesis will address the following related research questions: 

• Is an objective measurement of exercise regime safe and feasible in a clinical setting 

or at home? 

• How does immediate exercise feedback and video-based engagement during 

pedalling influence the exercise performance and physiology in healthy individuals? 

• How does immediate exercise feedback and video-based engagement during 

pedalling influence exercise performance and physiology in stroke patients with mild-

to-moderate disability in lower limb? 

• How does visual feedback on exercise performance and video-based engagement 

influence self-satisfaction and motivation in stroke patients? 

• Do stroke patients respond to immediate feedback and video-based engagement 

differently to healthy people during pedalling exercise? 

 

Prediction of SICH risk is challenged in many aspects including, selection of risk factors to use, 

time-consuming and complex computational algorithms and the trade-off between the number of 

clinical variables and prediction accuracy. To overcome these challenges and implement the 



33 

 

SICH risk estimation into routine clinical practice, this thesis will address the following research 

question: 

Is it possible to accurately estimate the risk of SICH occurrence following an intravenous rt-PA 

therapy using routinely available, pre-treatment clinical and demographic information? 

1.3 Thesis structure 

This introduction forms Chapter 1 of this thesis, and the remaining chapters of the thesis are 

summarised as follows: 

 

Chapter 2: Literature Review 

This chapter presents a summary of background concepts and motivation for improving care of 

stroke patients. The review consists of two parts.  Part-A of the review analyses current methods 

of providing feedback to stroke patients during rehabilitation, and their efficacy in recovering 

motor function. It also discusses the design elements of a feedback system for patient 

engagement within a rehabilitation program. Part-B of the review focuses on aspects of 

thrombolysis and its consequences in terms of SICH, key risk factors and existing techniques for 

estimating the risk of SICH.  

 

Chapter 3: Protocol for exercise monitoring study 

This chapter describes the design of an exercise monitoring study approved by Western Health, 

Human Research Ethics Committee (Project Number: HREC/16/WH/31). The study used fifteen 

healthy individuals to assess the feasibility of exercise monitoring in the clinical setting and 
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safety of the participants. Additionally, the study aimed at investigating the influence of exercise 

feedback and video-based engagement on exercise physiology and performance during 

pedalling. In the second phase, the study was extended to stroke patients from routine outpatient 

clinic of Sunshine Hospital to investigate the influence of feedback and engagement on exercise 

compliance, performance and physiology and to draw comparisons with data from healthy 

controls. 

 

Chapter 4: The use of feedback and video engagement on Exercise performance during pedalling 

in healthy subjects 

Audio-visual stimuli during exercise therapy has been reported to improve satisfaction and 

adherence of exercise therapy; however, little is known about the effect of active visual 

engagement on exercise performance during pedalling. This chapter proposes an exercise 

monitoring study using a customised pedalling device to quantify the influence of exercise 

feedback and video engagement on exercise performance, HR and Sp02 in healthy individuals. 

Eighteen participants undertook six pedalling sessions of 15-minutes duration while pedalling at 

two different target speeds, under visual feedback, video-based engagement and control 

conditions. Variables including, pedalling speed, speed deviation, HR and SpO2 values were 

simultaneously recorded during testing, and compared across sessions to investigate the 

influence of feedback and engagement on exercise performance and physiological parameters. A 

post-exercise survey captured participants’ motivation and preferences for feedback and 

engagement mediated exercise sessions. 
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Chapter 5: The influence of real-time exercise feedback and video-based engagement on exercise 

performance during pedalling in stroke patients 

Having established the safety and feasibility of a novel pedalling-based exercise monitoring 

system, the exercise study in Chapter 4 was extended to stroke patients. This chapter describes 

an experiment that investigated the influence of video-based feedback and engagement in 

thirteen stroke patients recruited from Sunshine Hospital. Participants undertook six pedalling 

sessions of 15-minutes duration while pedalling at two different target speeds, under visual 

feedback, video-based engagement conditions. Variables recorded during testing including, 

pedalling speed, speed deviation, HR and SpO2 values, were compared across sessions to 

investigate the influence of feedback and engagement on exercise performance and physiological 

parameters. A comparison was also drawn between healthy and stroke cohort to understand how 

different the influence of feedback and engagement was in the two cohorts. 

 

Chapter 6: A risk score for prediction of symptomatic intracerebral haemorrhage following 

thrombolysis 

Symptomatic intracerebral haemorrhage is a major complication of thrombolytic therapy using 

Alteplase. Several clinical and demographic variables have been associated with the risk of 

haemorrhagic transformation. This chapter proposes a method for prediction of SICH risk by 

analysing clinical and demographic information of 1270 patients who underwent thrombolysis. 

Key risk factors influencing the occurrence of SICH were identified, their odds ratio was 

computed, and a risk score was proposed. For each risk factor, the odds ratio of SICH was 
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computed, and a risk score was proposed. After validation with a test dataset, the predictive risk 

score was translated to a mobile application.  

 

Chapter 7: Conclusion and future work 

This chapter concludes the thesis by providing a summary of the major contributions, 

conclusions, as well as suggestions for future work. 

 

Appendix: 

A:  Exercise study – Participant Information and Consent Form (PICF) 

B:  Exercise study – Survey Questionnaire 

C:  Screenshots of the mobile application for SICH Risk calculation 

 

1.4 Thesis contributions 

This thesis makes the following contributions: 

• A novel instrumented exercise monitoring device to objectively monitor exercise, 

provide visual feedback on exercise performance, and engage the participants through 

video/music during pedalling-based rehabilitation therapy. The current version of the 

mechanism supports monitoring of pedalling and stepping exercises and is validated 

on healthy subjects and stroke patients. 

• A novel exercise protocol (with feedback and engagement) that has the potential to be 

used in rehabilitation, and may increase motivation and exercise compliance 
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• A validated model for accurately predicting the risk of symptomatic intracerebral 

haemorrhage (SICH) in patients undergoing thrombolysis, using clinical and 

demographic data routinely available prior to the treatment.  

• A mobile application, based on the SICH risk prediction model, to assist clinicians in 

screening patients prior to administering thrombolytic therapy. 
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Chapter 2: Literature Review 
 

 

2.1 Summary 

This review includes two main sections – one related to post-stroke rehabilitation, and other 

related to thrombolytic treatment of ischemic stroke. Stroke is a medical condition where blood 

supply to the brain is impeded and affected brain cells die due to a deficiency of nutrients and 

oxygen. Stroke events can lead to death or long-term disability for survivors. A holistic 

management of the stroke patient encompasses a timely treatment with appropriate medication to 

salvage ischemic penumbra and stabilize their medical condition, and rehabilitation therapy to 

bring ADL to pre-stroke normalcy. This literature review provides an insight into existing stroke 

management practices from these two perspectives. 

Stroke leaves millions of people suffering from loss of motor function and other post-stroke 

disabilities, with rehabilitation employed to recover lost motor function following a stroke event. 

Yet, poor exercise compliance is reported due to the repetitive nature of exercises, lack of self-

efficacy and inadequate patient-engagement after the discharge from the hospital. A home-based 

rehabilitation system coupled with patient-activity monitoring would be considered an ideal 

solution in this scenario to enable (i) collection of exercise data remotely, (ii) remote monitoring 

of patients’ exercise regime with minimal supervision, (iii) patient engagement through 

immediate feedback on their exercise, and (iv) patient motivation through gamification of 

exercise encouraging adherence to a prescribed exercise regime. Immediate, effective and 

accurate feedback on the exercise regime can reduce the physical and mental burden of exercise 
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and help improve ongoing patient rehabilitation. Part-A of this review analyses current methods 

of providing feedback to stroke patients during rehabilitation and their efficacy on recovery of 

motor function. It also discusses the design elements of a feedback system for patient 

engagement within a rehabilitation program.  

Part-B of this literature review focuses on aspects of thrombolysis and its consequences in terms 

of symptomatic intracerebral haemorrhage (SICH), identified risk factors and existing techniques 

for estimating the risk of SICH.  Ischemic stroke, which is caused by blockage in arteries 

supplying blood to the brain, accounts for 80-85% of all strokes. Thrombolysis using Intravenous 

recombinant tissue Plasminogen Activator (rt-PA) is an effective therapy for an acute ischemic 

stroke. However, the rt-PA treatment is associated with ICH as post-treatment complication 

resulting in unfavourable outcome and increased mortality. Fear of SICH limits the widespread 

adaptation of the therapy – even eligible stroke patients are denied timely treatment. A prediction 

technique for estimating the risk of SICH prior to thrombolysis can help the clinician in patient 

selection for the treatment and may potentially save lives. 

 

Part - A: Feedback and engagement during rehabilitation 

in stroke patients 

 

2.2 Overview of stroke 

2.2.1 Stroke prevalence 

A stroke event occurs when the blood supply to brain is interrupted, which can happen due to a 

blood vessel burst (haemorrhagic stroke) or by blood flow blockage due to a clot (ischaemic 
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stroke) (Figure 1). Interruption of the cerebral blood flow leads to death of brain cells due to lack 

of oxygen and other nutrients that blood carries (Taylor 2009). According to a global burden of 

disease study, stroke is the leading cause of human disability and the second-leading global 

cause of death after heart disease, accounting for 11.13% of total deaths worldwide (Feigin et al. 

2015, 2014; Katan and Luft 2018). Global stroke burden, measured in disability-adjusted life 

years (DALY) lost by combining the potential life lost due to premature death with the years of 

productive life lost due to disability, is projected to rise from 86 Million DALYs in 1990, 102.2 

Million in 2010 to 200 Million DALYs in 2030 (Feigin et al. 2016). 

 

 

Figure 1: Illustration of ischemic stroke and haemorrhagic stroke (Adapted from WebMD).  

 

In the USA, around 795,000 people suffer from a stroke each year, with 50% of them suffering 

from upper limb impairment (Donoso Brown et al. 2014; Benjamin et al. 2017; Díaz et al. 2011). 

In Europe, stroke is the leading cause of disability (Katan and Luft 2018). In the UK alone there 

are over 110,000 new stroke cases each year and around 900,000 stroke patients are left with 
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ongoing functional disabilities (Brewer et al. 2013). Stroke is Australia’s second biggest killer 

after coronary heart disease and a leading cause of disability. According to estimates from the 

National Stroke Foundation in 2014, about 60,000 Australians would suffer a new or recurrent 

stroke – that is one stroke every 10 minutes (New Zeland Ministry of Health 2010). The current 

number of about 437,000 people living with the effects of stroke in Australia is predicted to 

increase to 709,000 in 2032 (National Stroke Foundation 2014). 

The developing world is also impacted by stroke. In 2010, there were 16.9 Million case of stroke 

and 102.2 Million DALYs lost worldwide, of which 11.5M stroke cases and 79.4M DALYs lost 

were from low- and middle-income countries. About 83,000 of stroke cases reported from these 

regions are younger than 20 years. In early 2001, there were 1 million stroke cases in India that 

caused nearly 102,000 deaths (Nagaraja et al. 2009). Prevalence of stroke varies in different 

regions of India; however, it is estimated that 44-424 people from a population of 100,000 are 

affected by stroke – this is over 2 million stroke cases annually (Lakshmi et al. 2015). Stroke 

rates in the population aged under 40 years is approximately 12% (Bhatia 2014). 

2.2.2 Consequences of stroke 

Stroke mortality rates have been declining since the 1950s due to improved early symptom 

recognition and advances in acute stroke treatment. However, the life of stroke survivors is still 

impacted significantly. For most stroke survivors, the long term effect may be impairment, 

disability and handicap (Brewer et al. 2013). Impairment is defined as any loss or abnormality of 

psychological, physiological or anatomical structure or function; disability represents any 

restriction or lack of ability (resulting from an impairment) to perform an activity in the normal 

manner; and handicap describes a disadvantage for a given individual that limits or prevents the 

fulfilment of a role that is normal (Sheena L. Carter 2015). Stroke not only affects the stroke 
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survivor, but their family and caregivers as well. Many patient families perceive a major stroke 

event to be worse than death (Taylor 2009) for disabilities it may bring to the stroke survivors in 

different forms and long-term financial burden of treatment and rehabilitation. According to a 

report on economic impact of stroke in Australia (Deloitte Access Economics 2013), the 

allocated health expenditure per person is estimated to be over $60,000 for males and about 

$40,000 for females in the age range 55-64 years, and about $116,000 in the patients aged 75-84 

years. In 2012, the total financial costs of stroke in Australia were estimated to be $5 billion 

(National Stroke Foundation 2014). The health system cost of stroke for Australian individuals, 

borne by their families, is reported to be approximately $161 Million (Deloitte Access 

Economics 2013).  

Depending upon the location, size and severity of the brain cell damage after a stroke event, 

stroke may affect a person’s cognitive, language, perceptual, sensory and motor abilities (Kunz 

and Iadecola 2008). Common impairments following acute stroke are (Brewer et al. 2013; Hung 

et al. 2016; K. Gerling and Masuch 2011): 

• Functional disability and reduced muscle power –  

o One side paralysis in upper and/ or lower limbs; 

o Impaired coordination; 

o Reduced joint stability / mobility – altered gait pattern. 

• Loss of visual sharpness; 

• Difficulty in talking or swallowing –  

o Dysphagia – difficulty in swallowing; 

o Dysarthria – difficulty in speaking clearly; 
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o Speech disorder – dysphonia. 

• Change in temperament / personality, cognitive decline; 

• Reduced motivation / energy; 

• Altered consciousness / attention. 

 

2.2.3 Cardiovascular autonomic regulation 

The autonomic nervous system (ANS) is responsible for regulating the cardiovascular system. 

Cerebrovascular autoregulation, as explained by (Kunz and Iadecola 2008), maintains the 

cerebral blood flow (CBF) independent of changes in mean arterial pressure (MAP) within a 

specific range (about 50-150mmHg). The blood vessels dilate when MAP decreases and 

constrict when MAP increases thereby maintaining a constant CBF. For example, MAP may 

modulate the heart rate and blood pressure to cope with a short-term physical exercise. While the 

parasympathetic modulation decreases the heart rate and cardiac contractility, sympathetic 

activities opposes these effects (Hägglund et al. 2012). Muscle contractions during walking and 

pedalling are associated with muscle reflexes, which provide neural feedback to the 

hypothalamus (Kaufman and Forster 1996; Waldrop et al. 2011). The sensory cues from the 

internal body environment enable the hypothalamus to regulate physiological functions including 

HR, respiration rate and blood pressure (Jeffery M. Kramer et al. 2000; Schumacher 2014). To 

meet the increased oxygen demand in muscles during exercise, respiration rate increases as the 

heart pumps oxygenated blood at a faster rate, which is manifested by an increase in HR (Turner 

1991; J M Kramer and Waldrop 1998). Simultaneously, the blood flow in the body is regulated 

by a change in blood pressure, peripheral resistance and metabolic demand (S. Billinger 2010). 

The increased metabolic demand during therapeutic exercise is met through a ‘feedback 
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mechanism’ that maintains the synergy between blood flow and arterial diameter (Kamiya et al. 

1988).  

The cardiorespiratory system responds to the onset of a mild or moderate exercises, such as 

walking or slow-paced cycling, in phases – a rapid neural response in the first 15 s from onset, 

and a slower increase in cardiorespiration with the exercise extending to 2 or 3 minutes, followed 

by a steady-state response due to neural and humoral control mechanisms (Turner 1991). It is of 

utmost importance to understand the way each phase of physiological alignment to exercise is 

controlled through mechanical feedback reflexes of active muscles, feedforward motor patterns 

and non-neural cardio-dynamic feedforward mechanism. The concept of the neural mechanism 

controlling these phasic responses is commonly known as ‘exercise reflex’ (Rowell 1986). The 

exercise reflex initiates from the active muscle mass with chemoreceptors sensing the build-up of 

metabolites due to imbalance between perfusion and muscle metabolism. It leads to the central 

nervous system registering the inadequacy of blood flow within the muscles and triggering the 

autonomic nervous response in an attempt to restore the normalcy of metabolite concentration 

levels. There is a growing body of experimental evidence that increases in ventilation, heart rate 

and blood pressure can be evoked by peripheral neural and neurohumoral receptor mechanism as 

an autonomic cardiorespiratory response to match the intensity of the exercise (Krogh and 

Lindhard 1913; Fisher 2014). This supports the concept that central command mediated 

autonomic responses are dictated by the perception of effort (Williamson et al. 2002), especially 

during high intensities of exercises (Victor et al. 1995, 1989). 
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2.2.4 Post-stroke autonomic cardiovascular dysfunction (dysregulation) 

Several studies have reported post-stroke changes in cardiovascular functions (Jin et al. 2013; 

Al-Qudah et al. 2015; Mäkikallio 2005). For example, stroke patients had lower parasympathetic 

tone and a persistent autonomic deficit (Dütsch et al. 2007). An impairment in the autonomic 

nervous system and baroreflex function might be attributed to the alteration in the cardiovascular 

functions in stroke patients. Stroke patients with decreased muscular metabolic activity may have 

reduced demand for blood flow leading to narrow diameter of blood vessels (F. M. Ivey et al. 

2004). Ischemic stroke is associated with cardiovascular ANS disturbances, including reduced 

heart rate variability (Mäkikallio 2005). After an episode of stroke (cerebral ischemia), the 

arteries enter the vasoparalysis state, losing their ability to constrict or dilate in response to 

changes in MAP. Thus, autoregulation is lost, and it may lead to amplification of the damage by 

inducing cerebral oedema when MAP increases or by aggravating cerebral ischemia for a 

decrease in MAP. Studies on patients with acute stroke have revealed impaired autoregulation, 

independent of the methods chosen for CBF measurement and the estimation of autoregulation 

(Kunz and Iadecola 2008; Olsen et al. 1981). A study by Billinger and team report that by 

training the affected limb, the metabolic demands can be increased which will result in improved 

circulation (Sandra A. Billinger et al. 2010). 

Autonomic dysfunction is a common complication of cerebrovascular disorders. Many studies 

have indicated autonomic dysfunction in patients following an acute stroke that affects 

cardiovascular, respiratory and sudomotor systems (Al-Qudah et al. 2015). Cardiovascular 

autonomic dysfunction following stroke has implications for morbidity and mortality (Sriranjini 

Sitaraman et al. 2014; Chidambaram et al. 2017). Hemispheric brain infarction due to acute 

stroke is reported to cause sympathetic and parasympathetic autonomic failures (Korpelainen et 
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al. 1999) or an imbalance between them (C. F. Chen et al. 2013). A study on autonomic 

dysregulation in stroke patients by Dütsch et al reported a deficit in parasympathetic cardiac 

function among stroke survivors (Dütsch et al. 2007). Another study showed an increase in 

sympathetic cardiovascular modulation for right-sided ischemic stroke cases, which is often 

associated with a higher increase in HR and HR reserve from the resting value, as experienced 

by the stroke patients during exercise in comparison to the healthy individuals (Benarroch 1993). 

Stroke patients have lower ventilatory threshold (or anaerobic threshold) compared to the normal 

(F. M. M. Ivey et al. 2005). Low-intensity exercise can be handled by aerobic pathways, where 

usable form of energy required for muscle contraction comes through oxidation of Adenosine 

Di-Phosphate (ADP) into Adenosine Tri-Phosphate (ATP). However, high-intensity exercise 

demands oxygen beyond the anaerobic threshold and pushes the body into anaerobic pathway. 

Anaerobic metabolism produces lactate, which causes rapid fatigue (F. M. M. Ivey et al. 2005). 

2.2.5 Cognitive Impairment 

Cognitive impairment is associated with stroke events (Tatemichi et al. 1994), and considered to 

be a primary contributor  to post-stroke disability (Levine et al. 2015). According to Nys and 

team, a substantial proportion of stroke patients showed cognitive decline within 3 months after 

stroke (Nys et al. 2005). It is estimated that about 30% of elderly stroke patients suffer from 

cognitive impairment  in the 3 months following the stroke onset (Travers et al. 2013; Teasell et 

al. 2018; Paker et al. 2010). A cross-sectional study of stroke survivors from ten countries (Rist 

et al. 2013; Cho and Lee 2012; Hoffmann et al. 2010) indicated that cognitive impairment to be 

present in about 30% of ischemic stroke patients. Similar studies in Britain and Sweden have 

reported 24% to 39% prevalence of cognitive impairment within 3 months from the stroke onset, 

whereas, prevalence has been reported as high as 50-58% in Australia (Sun et al. 2014).  
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The severity of the cognitive decline has been associated with age, education and occupation 

(Elbaz et al. 2013; Gorelick et al. 2011). Post-stroke cognitive deficit may manifest in poor 

attention, special ability or executive ability (Srikanth et al. 2003), and can reduce an 

individual’s ability to perform basic ADL independently (Hoffmann et al. 2010). For example, 

community dwelling older adults are reported to have a 5-fold increased risk of fall due to 

cognitive impairments (Muir et al. 2009). Cognitive impairment following a stroke event is also 

reported to influence rehabilitation outcome (Mysiw et al. 1989; Paolucci et al. 1996). It affects 

participants’ ability to participate effectively in rehabilitation thereby impacting the delivery and 

outcome of care (Cho and Lee 2012; Zinn et al. 2004; Paker et al. 2010).  

Impaired comprehension and attention deficit are found to be  barriers in stroke patients 

maximising benefit from rehabilitation (Mysiw et al. 1989; Rose et al. 1994; Galski et al. 1993). 

Cognitive impairment, motor-function deficit and decline in physical ability following an 

episode of stroke impacts the psycho-physiological perspective of quality of life among stroke 

survivors posing a challenge in designing their rehabilitation tasks (K. M. Gerling et al. 2010). 

The therapeutic intervention designs are recommended to incorporate feedback and 

reinforcement (Teasell et al. 2018). Use of assistive technologies may help in compensating for 

attention and comprehension deficit, and adapting the rehabilitative intervention to cognitive 

disability with augmented, external cues (Gorman et al. 2003). Assistive technology devices 

(ATDs) can be used not only to counterbalance the functional disability but also to promote 

cognitive compensation by offering alternate ways to perform tasks e.g., via visual feedback (R. 

B. Lewis 1998). For example, Zhao et al. conducted a study among stroke patients with cognitive 

impairment and discovered that providing game-based visual training on attention, execution, 

memory and orientation, in addition to conventional rehabilitation and occupational therapy, 
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resulted in improved exercise compliance and functional outcome (Zhao et al. 2015). While 

watching a video during rehabilitation, exercise can be engaging, while visual feedback on 

exercise performance with a target setting can help improve execution skills. Rehabilitation 

modalities require specific attention to impairments in visual, auditory perception and sensory-

motor skills. 

2.3 Stroke Rehabilitation 

Physical activity is often defined as movement of the body using skeletal muscle resulting in 

energy expenditure (Fini et al. 2014). Exercise is a planned and structured subset of physical 

activity that is often repetitive and is performed with the objective of improving or maintaining 

physical fitness. Rehabilitation is a process of restoring an individual’s normal function and 

health. Exercise is an essential part of physical rehabilitation that can influence physical and 

psychological health in a positive way (S. A. Billinger et al. 2014). Several studies have reported 

reduction in anxiety, depressive symptoms, and post-stroke fatigue, and improvement in quality 

of life with a regular exercise (Alderman et al. 2016; Harvey et al. 2010; Blumenthal et al. 1999). 

For maximum benefit, it is critical to commence rehabilitation as soon as possible following a 

stroke event to exploit the brain’s neuroplasticity. While some studies recommend immediate 

rehabilitation in the clinical setting (Quinn et al. 2009), others prescribe therapy within couple of 

weeks after stroke when a patient is medically stable (Bernhardt et al. 2008, 2016, 2006). A 

comparison of rehabilitation outcome in patients with varying onset-to-rehab-start interval 

demonstrated a significantly higher effectiveness of the therapy in patient who started 

rehabilitation within 20 days of stroke onset, relative to patients who commenced rehabilitation 

between 20-60 days post stroke (Paolucci et al. 2000). While stroke-onset-rehab-admission time 

may depend upon several factors including availability of therapists, hospital resource, and 
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patient factors such as physical parameters and existing comorbidities.  The exact timing of 

therapy initiation is under intense investigation at present. Few studies have indicated that early  

therapy appears to be harmful at present (Bernhardt et al. 2006; Cumming et al. 2011). The 

scientific underpinning behind stroke rehabilitation is being explored at present.   

2.3.1 Cycle ergometry for lower-limb rehabilitation 

Exercise regimes are prescribed by physiotherapists and rehabilitation-experts based on severity, 

type of disability, patients’ condition, constraints and preferences. Post-stroke rehabilitation of 

the lower-limb focuses on methods that typically help the patient recover their walking ability 

(D. Barbosa et al. 2015). Lower-limb pedalling is an activity commonly used in sports training to 

improve aerobic capacity and cardiopulmonary function (Brazzelli et al. 2011). Cycle ergometry 

is a common choice of therapy for lower-limb rehabilitation to assist with ambulation because it 

provides similar periodic muscle activation patterns to those during walking (D. C. Barbosa 

2014; S. I. Lin et al. 2012). Pedalling can be performed on a stationary exercise bicycle, and 

hence, represents a safe alternative to walking in subjects with postural instability and fall risk 

(D. Barbosa et al. 2015; Potempa et al. 1995; Raasch and Zajac 1999; Mazzocchio et al. 2008). 

Especially in the acute rehabilitation setting when gain training is not possible due to patients’ 

inability to balance, pedalling is recommended to offer exercise to affected lower limbs (Ferrante 

et al. 2011). As a rehabilitation exercise, pedalling has also been shown to improve gait balance 

and motor performance in patients immediately following a stroke event (Kamps and Schüle 

2005; Katz-Leurer et al. 2006); however, the repetitive nature of pedalling on a stationary 

exercise bicycle is associated with poor motivation, compliance and lack of perceived self-

efficacy, which are key barriers in the use of pedalling as tool in exercise therapy (Simpson et al. 

2011).  
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2.3.2 Rehabilitation challenges 

Despite the potential benefits of exercise and rehabilitation therapy, poor participation and 

compliance is reported in several studies (Table 1). Task repetition is the key component of 

motor rehabilitation (Nudo et al. 1996; G. N. Lewis and Rosie 2012), and the degree of 

improvement in the motor function of the affected limb depends on the amount and quality of 

practice (Sabari 1991), (Krakauer 2006). However, repetition tends to decouple or defocus the 

mind from the task, and reduce patient’s motivation (Burdea 2003). Another challenge is with 

the non-interactive exercise equipment mostly used in the rehabilitation. Classical rehabilitation 

predominantly uses simple mechanical devices with no or little electronic sensing and data 

collection (Y. J. Chang et al. 2011). Boredom from repetitive and non-interactive exercise leads 

to non-compliance with the physiotherapy (M.-H. Chen et al. 2015). Rehabilitation focuses on 

optimizing brain reorganization, neuromusculoskeletal recovery, and returning the patients to 

their home environment (Foley et al. 2009). To optimize the hospital resources, as soon the 

patients are clinically stable and trained at in-patient rehabilitation, they are discharged from the 

hospital. The portion of the long-term rehabilitation therapy that a patient performs at home is 

typically not quantitatively monitored, since there is general paucity of reliable home-based 

exercise monitoring devices. With no reliable quantification of the exercise, a home-based 

rehabilitation regime is known to suffer from poor adherence to the therapy and absence of 

objective data to assess the therapeutic outcome (Joo et al. 2010). 
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Table 1: Summary of rehabilitation challenges from patient and clinician perspectives. 

Rehabilitation challenges / barriers to participation  

Patients Repetitive and boring exercise  (Nudo et al. 1996; G. N. Lewis and Rosie 

2012; Fabiaña et al. 2015; Burdea 2003) 

Lack of interaction or feedback  (Y. J. Chang et al. 2011; Ferrante et al. 

2011; Barwood et al. 2009) 

Lack of progress / self-efficacy  (Resnick et al. 2008; Dong et al. 2018; 

Simpson et al. 2011) 

Higher cost / inaccessible therapy  (Lui and Nguyen 2018) 

Scarcity of therapists  (Landry et al. 2009; Burdea 2003) 

Clinicians Lack of participation / poor 

compliance in patients  

(M.-H. Chen et al. 2015) 

Lack of data for therapy assessment 

and individualization  

(Joo et al. 2010) 

 

 

Traditional rehabilitation is one-to-one and requires significant resources to cater for all patients. 

This makes the rehabilitation expensive and less accessible. According to a report on economic 

impact of stroke in Australia, over $120 Million is spent on stroke health of patients in the age 

group of 55-64 years, with the majority of this cost going to rehabilitation (Deloitte Access 

Economics 2013).  There is a shortage of trained physiotherapists. According to  Australian 

Institute of Health and Welfare (AIHW) report, there were only 71 physiotherapists per 100,000 

Australian population in year 2005 (Allbon 2006). Similarly, the number of physiotherapists per 

100,000 population was 61.5 in USA and 48 in Canada in 2005 (Landry et al. 2009). The 

situation is worse for rural areas where only a fraction of physiotherapist population practice. For 
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example, more than 50 million Americans live in rural areas; however, only 10% of therapists 

practice there, according to a recent National Rural Health Association survey (Burdea 2003), 

dropping the numbers of physiotherapist to 32 per 100,000 population. As another example, the 

number of physiotherapists per 100,000 population in urban Canada was 61 compared with 35 in 

rural Canada.  Traveling to urban areas in order to access physiotherapy also becomes a 

challenges for most of the patients living in rural or remote areas (Lui and Nguyen 2018). The 

solution, in such cases, can be home-based rehabilitation; however, no feedback on exercise 

performance, in the absence of a therapists at home, leads to reduced motivation and poor 

compliance. 

 

2.4 Exercise physiology and coping mechanism 

 

2.4.1 Perception model for exercise-induced stress 

Subjective estimates of physical works intensity play an important role when it comes to 

prescription of exercise for rehabilitation (Rejeski 1985). For example, the Borg rating of 

perceived exertion (RPE) scale is a frequently used quantitative measure to document patient’s 

exertion during a test and to assess the training intensity in sports (Borg 1982). While RPE has 

been considered as a result of manipulation of internal sensory cues (e.g., strain in the active 

muscle), recent studies have emphasized the role of cognition and emotion (e.g., motivation) in 

the actual estimation of RPE (Pandolf 1983). These results again underline the point that 

perceived exertion critically influences the exercise adherence (Folkins and Sime 1981).  
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Figure 2: Simplified representation of the models for processing physical work (adapted from Rejeski 

1985).  

 

The perceptual response to physical exercise is influenced by two types of variables – 

physiological (e.g., muscular strain), and psychological (e.g., cognition). The role of emotion and 

cognition on the perception of exercise is explained using either a sequential or parallel-

processing model. Sequential process model views characterisation of perceived exertion as an 

additive process where perceived exertion is a result of emotional reaction to individual’s 

experience of physical sensations from the internal cues, the strength of sensation and their past 

experience with it (Leventhal and Everhart 1979). Whereas, parallel-processing model organizes 
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the informational and emotional distress components parallelly.  Perception of exertion or 

physical stress is considered as an active process involving the preconscious elaboration of 

sensory cues and identification of ‘perceptions’ (processed material to which one can attend) and 

‘focal awareness’ (a segment of potential stimuli to which one does attend actually). The 

capacity of the channels that bring a percept to focal awareness is limited and can be restricted 

through dissociative strategies to cope with the exercise fatigue. Through external distraction or 

dissociation using audio-video stimuli, the processing of internal sensation can be restricted in 

individuals (Pennebaker and Lightner 1980). 

2.4.2 Ideomotor theory and exercise feedback 

Ideomotor theory is a framework for action planning and it suggests that actions are represented 

by their perceivable effects. It defines the perception-action relationship. While the theory comes 

in different forms, it focuses on a common idea that internal images of action and the action itself 

are tightly linked to the perceptual events (Shin et al. 2010). Elements of ideomotor theory can 

be used to explain the influence of exercise feedback on the behaviour that would encourage 

physical activity. The theory indicates that body movements in individuals may arise while 

watching other people perform certain actions (Knuf et al. 2001) or can be guided by immediate 

perception of the action (Prinz 1987). In other words, mental images or perceptions are sufficient 

to initiate actions reflexively. Learning is considered to be a two-step process: (a) automatic 

association of actions and their sensory effects when they are executed and (b) purposeful use of 

these associations to initiate actions and bring about the intended action effects. Actions are 

initiated by anticipation or desire of the to-be-produced sensory effects. Based on the pathways 

used to transmit the sensory information, feedback can be interoceptive (kinaesthetic or muscular 

feeling of movement) or exteroceptive (visual, auditory or tactile pathways). Visual feedback on 
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exercise performance can be considered as exteroceptive pathways of reinforcement to modify 

anticipatory exercise behaviour. We know that stroke affects cognitive functions in survivors 

(section 2.2.5) which may result in ideomotor apraxia, a neurological disorder characterized by 

an inability to translate an idea into voluntary movement (Rothi et al. 1991). We hypothesize that 

visual feedback during exercise may improve their mental model or perception of exercise. 

Ideomotor theory assumes that any perceivable feedback from the action can be formulated as an 

anticipatory image or trigger to initiate the action. We believe that the use of external video-

based feedback during exercise may help stroke patients perceive anticipatory feedback which 

can be coded for a behavioural change. 

2.4.3 Neuroplasticity and autonomic response mechanism 

Neuroplasticity is the brain’s ability to adapt. It refers to the capacity of neurons in the brain to 

change and reorganise to meet the demands of the internal and external environment (Phillips 

2017). People with higher levels of neuroplasticity learn faster, adapt to new situations faster, 

think more flexibly, and retain more of what they encounter. Studies suggest that maintaining an 

adequate level of physical activity and cognitive stimulation can increase neuroplasticity and 

resilience of the brain (Gómez-Pinilla 2008; Hogan et al. 2012; Curlik and Shors 2013; M. 

Chang et al. 2010). Long-term physical activity is reported to induce neuroplastic changes in 

brain structure and function, leading to improved cognition. Any sort of game, challenging tasks, 

like maintaining speed during a pedalling exercise through visual feedback, can be a form of 

cognitive engagement that can help improve neuroplasticity (Mishra and Gazzaley 2014). The 

two design elements that have been reported to drive neuroplasticity in game-based training 

activities are (1) continuous performance feedback, and (2) challenges that are adaptive to 

performance (Willis et al. 2006; Rebok et al. 2014). An exercise monitoring system with exercise 
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feedback may not only improve learning but also enable a  higher level of engagement through 

customisation of the exercise goal during rehabilitation. 

The autonomic response to exercise is reported to be dependent on the type of exercise being 

performed – dynamic or isometric. Dynamic exercise, such as pedalling, involves rhythmic 

muscle contractions that change muscle length and joint angle, and yields intermittent changes in 

intramuscular force (Fisher et al. 2015). HR and BP increase with exercise. However, during 

dynamic exercise HR increases to a steady-state value, compared to a continuous increase until 

fatigue with isometric exercise. Existing studies have established that exercise-induced HR rise 

at the onset of exercise is contributed by vagal inhibition (central command + mechanically 

sensitive skeletal muscle afferents) whereas, the steady-state HR changes are contributed by 

sympathetic activity (central command + muscle metabolic receptors). The central command 

mediated autonomic responses are dictated by the perception of effort (Williamson et al. 2002), 

especially during high intensities of exercises (Victor et al. 1995, 1989). Williamson and 

colleagues demonstrated that HR and BP response to the actual and imagined (under hypnosis, 

with no force produced) exercise was identical. This makes a way for possible manipulation of 

mind through visual feedback and video-based engagement to reduce the perceived burden of 

exercise during rehabilitation. A similar form of physiological dissociation from exercise-

induced bodily cues that affect HR, BP and SpO2, have been tried in many studies (Franks and 

Myers 1984; Nowlan 2016). For example, pedalling in a virtual reality environment with real-

time feedback on pedalling speed has been reported to add more enjoyment and reduce perceived 

exertion (Mestre et al. 2010; MacRae et al. 2003). 
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2.5 Exercise feedback and participant engagement 

2.5.1 Need for exercise feedback and engagement 

Rehabilitation exercises are often repetitive and may be tedious for patients when performed 

over extended duration (Hung et al. 2016). Fatigue, lack of motivation and lack of perceived self-

efficacy are key barriers for patients in performing exercises with the prescribed frequency and 

intensity (Simpson et al. 2011). Work by Shaughnessy and Resnick  suggests that patients’ 

exercise behaviours can be improved by including interventions to better self-efficacy and 

outcome expectation in the design of rehabilitation exercise (Shaughnessy and Resnick 2009). 

Immediate feedback on exercise performance and quality is important for patients to make them 

aware of their improvements. Ability to track their physical activity gives patients the confidence 

to self-manage their rehabilitation program resulting in improved motivation and adherence (S. 

A. Billinger et al. 2014). Even a sense of perceived benefit can motivate a patient in taking up 

exercise (Gill and Sullivan 2011; Ortís et al. 2007).  

Post-stroke rehabilitation exercises requires customization based on patients’ tolerance, recovery 

stage, social environment / support, activity limitations, physical activity preferences and specific 

impairment they have (S. A. Billinger et al. 2014). When designing an exercise regime for a 

patient, the focus ought to be on repetition, functional practice and gradual progression of task 

difficulty (National Stroke Foundation 2010). A feedback-mediated rehabilitation employs 

exercise tracking and recovery monitoring functions that enable exercise individualization based 

on the patient’s response to the rehabilitation program. While exercise feedback improves self-

efficacy and helps the patients take corrective actions during rehabilitation, participant-

engagement during exercise may lead to patient-satisfaction and motivation for adherence (Koh 

et al. 2014). Engagement in the form of entertainment-aided exercise sessions, social interaction 
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with other patients and therapists can uplift the mood and motivate the patients for adherence to 

the prescribed regime (Jurkiewicz et al. 2011). 

2.5.2 Types of feedback during rehabilitation 

Biofeedback during physical rehabilitation involves monitoring of bodily functions to gain 

enhanced awareness of body’s response to physical activity, with an objective of being able to 

voluntary manipulate the response to the activity. Depending upon the exercise and purpose, 

biofeedback may include measurements of biomechanical parameters like movement, postural 

orientation, force produced, and work done, or physiological parameters like heart rate (HR), 

electromyogram (EMG), electroencephalogram (EEG), respiratory rate and volumes (Table 2). 

Use of biofeedback in exercise therapy has been reported to improve function of the affected 

limb in stroke patients (Stanton et al. 2017; Yang et al. 2014). Feedback, based on origination, 

can be classified as intrinsic (direct) or extrinsic feedback. Intrinsic feedback refers to a patient’s 

own sensory-perception information, resulting from the physical movements being performed 

(Giggins et al. 2013; van Vliet and Wulf 2006). Since the intrinsic feedback is unprocessed and 

is used as-is, the feedback is often called as direct feedback (for example, HR). Some situations 

require additional feedback beyond intrinsic sensory perception to help the patient correct his or 

her movement. Such transformed measures are called as augmented feedback. Extrinsic feedback 

is useful in cases when patients lack the ability to assess their own movement and can enable 

better motor recovery. For example, visual biofeedback on torque during pedalling is been 

reported to help the patients maintaining a symmetrical contribution of the two legs (Ferrante et 

al. 2011; Ambrosini et al. 2011). Augmented feedback may use acoustic, visual displays, haptic 

signals, virtual reality and exergaming to manifest rehabilitation intensity. 
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Extrinsic feedback can further be classified as knowledge of result (KR) and knowledge of 

performance (KP). KR refers to augmented feedback about the outcome or performance of the 

exercise whereas KP represents feedback about characteristics or the movement that resulted in 

an outcome (van Vliet and Wulf 2006), (Subramanian et al. 2010). Thus, KR indicates the 

deviation (error) from target and KP is indicative of error in the way exercise was performed. For 

example, when a patient learns that he or she performed 50 repetitions out of a target of 200, it is 

KR. On the other hand, for KP, a patient might receive feedback that he or she should maintain 

the balance of weight on both legs to avoid compensation on the paretic leg.  Rehabilitation 

exercise feedback can be managed through exercise tracking and data recording. KP and KR 

represent a complete picture of an exercise regime from qualitative and quantitative aspects and 

enable therapists to initiate an outcome-based dialogue with the patient (Saini et al. 2012).  

 

Table 2: Types of biofeedback used in the physical rehabilitation (Giggins et al. 2013) 

Biomechanical 

measurements 

• Movement, Inertia 

• Postural orientation 

• Force, pressure exerted 

• Work done, exercise completed 

Physiological 

measurements 

• Neuromuscular – EMG, EEG 

• Cardiovascular – heart rate, blood pressure 

 • Respiratory – respiratory rate, oxygen uptake volumes 

 • Others – skin conductance, temperature 

 

2.5.3 Influence of immediate feedback during rehabilitation 

Immediate feedback on physical exercise refers to information about the exercise regime such as 

count (number of times exercise is performed), speed (exercise per minute), time elapsed (time 
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spent on the exercise), and energy expenditure. Such feedback can be an indicator of physical 

fitness of the patient and may be used to assess the function of joints involved in the exercise. A 

detailed quantitative feedback on the patient’s performance may enable clinicians to analyse the 

recovery and modify the therapy program (Sanchez et al. 2004), as well as, help the patients 

compare their performance against a prescribed target, and track their improvements (Greeff et 

al. 2013).  

Several studies have reported the benefit of exercise feedback on performance improvement and 

functional recovery of affected limbs in stroke patients (Table 3). In these studies, exercises 

monitored included walking, weight balance, upper limb movement, and cycling. Feedback was 

delivered as verbal instructions or visual information displayed on a screen (Gilmore and 

Spaulding 2007; Shiri et al. 2012). Dobkin et al. investigated the effect of daily feedback on 

walking speed during in-patient rehabilitation after stroke and found that participants increased 

their walking speed by the end of rehabilitation compared to the participants from the control 

group (Dobkin et al. 2010). However, another study (Dorsch et al. 2015) that tested the efficacy 

of the augmented feedback on walking activity in stroke patients with lower limb weakness 

found that beyond basic verbal feedback on the walking speed, augmented feedback on walking 

activity did not make any significant difference to walking speed before and after intervention 

between control and test groups. In a similar experiment, the effectiveness of repeated 

instructions on a physical training program upon discharge from hospital was evaluated (Boysen 

et al. 2009). No significant difference in physical activity between the control and intervention 

groups was observed using the Physical Activity Scale for Elders (PASE). Timing, frequency, 

delivery mode and specificity of the feedback play an important role in efficacy of interventional 

feedback and hence should be diligently planned in the intervening system. 
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Table 3: Summary of existing research that monitored different types of rehabilitation exercises and offered immediate feedback to the patients 

through different modalities and studied its impact on rehabilitation outcome. 

Study Reference Exercise Monitored Feedback type / mode Result / Conclusion 

(Gilmore and 

Spaulding 2007) 

Donning socks and shoes Recorded video of donning socks and shoe activity No significant difference between groups; video 

feedback group were more satisfied with their ability  

(Boysen et al. 

2009) 

Walking & other 

activities of daily living 

(ADL) 

Verbal instructions on being physically active No significant increase in physical activity of 

patients who received verbal encouragement and 

instructions 

(Dobkin et al. 

2010) 

Walking  Daily verbal feedback on walking speed Significant improvement in walking speed 

(Lange et al. 2010) Weight shifting while 

standing and walking 

Weight shifting and balance control activity-based 

video game 

Positive feedback on use of game for balance 

rehabilitation  

(Ferrante et al. 

2011) 

Cycling Visual feedback on torque on each pedal, work done 

by each leg 

Cycling intervention is effective; effect of 

biofeedback needs larger scale study 

(S. I. Lin et al. 

2012) 

Cycling Visual feedback on EMG, cycling cadence and torque Visual feedback improves neuromuscular control and 

overall performance 

(Shiri et al. 2012) Upper limb range of 

motion 

Virtual Reality (VR) based mirror therapy – real-time 

self-face viewing 

VR system developed for rehab is found to be safe 

and feasible 

(Danks et al. 2014) Walking Step counter data, verbal counselling on step/day, 

bout/day, steps/bout and walking time 

Goal-centred step monitoring program improves 

daily walking activity 

(Popović et al. 

2014) 

Modified drawing test 

for upper paretic arm 

Visual feedback through game on a display monitor 

about Arm position / movement during rehab exercise 

Significant recovery and higher level of acceptance 

for feedback mediated rehabiliation 

(Salazar et al. 

2014) 

Reach-press-return 

activity 

Dashboard on computer application for inertial sensor 

data 

The low-cost device looks promising in assisting 

physiotherapists for activity data collection 

(Dorsch et al. 

2015) 

Walking Verbal feedback on speed, Augmented feedback on 

walking activity recorded by sensor 

No significant difference between verbal feedback 

and augmented feedback group 
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Provided directly or indirectly, feedback on physical activity during rehabilitation has been 

reported to have a positive impact in terms of improving self-confidence, and improving self-

awareness of any changes in physical functioning due to mental activity (Nelson 2007). 

Immediate feedback can also help in reducing exercise-injury that may occur without any 

therapist’s supervision in home-based rehabilitation settings. For example, acoustic feedback in a 

mobile-app has been used to inform patients about any deviation from prescribed exercise 

regime and qualitative errors in terms of limb movement (Spina et al. 2013). Such feedback can 

offer patients and clinicians an opportunity to improve accuracy during functional exercises, 

enhance patient engagement and reduce the need for continuous supervision of rehabilitation 

program by physiotherapists (Giggins et al. 2013).  

Objective, real-time measurement of physical activity performance during exercise can increase 

exercise compliance and lead to improved cardiovascular performance (Joseph et al. 2018; Gill 

and Sullivan 2011; S. A. Billinger et al. 2014; Ortís et al. 2007). Feedback on exercise 

performance, delivered in  haptic, auditory or visual form, has been shown to increase exercise 

adherence and motivation in healthy individuals (Kamps and Schüle 2005; S. I. Lin et al. 2012; 

D A Brown and Kautz 1999; Potempa et al. 1995; Kautz and Brown 1998; Holt et al. 2001; 

Katz-Leurer et al. 2006). In a study of healthy adults, visual feedback of the work done by each 

leg during pedalling can lead to higher pedalling velocities and increased gait symmetry 

(Ferrante et al. 2011). In contrast, Sibley et al. (2008)  assessed the influence of visual feedback 

of muscle EMG, cadence and work during pedalling, and observed no difference in performance 

between pedalling with and without visual feedback. While there has been demonstrated 

evidence of the role of feedback during pedalling on cardiovascular performance (Nowlan 2016; 

Stastny et al. 2018), the influence of exercise feedback data on physiological parameters 
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associated with exercise performance, including blood oxygen saturation level (Sp02) and HR, 

has not been quantified to date. 

2.5.4 Influence of engagement during rehabilitation 

Goal setting, physical activity monitoring and feedback on activity performance against the set 

objectives may motivate a patient to adhere to exercise prescription (Dorsch et al. 2015). Another 

way of motivating patients to indulge in physical activities is the gamification of regular tasks. 

Gamification of common activities of daily living offers a game-like entertaining experience 

thereby reducing the burden of physical activity and facilitating long-term motivation (Carlos et 

al. 2014). Typically, a game-based rehabilitation uses sensors and image capturing means to 

control virtual tasks / characters of the game in accordance with the physical activity of the user. 

Such game-based activities deliver a more engaging and compelling rehabilitation and result in 

greater exercise compliance (Burke et al. 2009). In addition, a graphics-rich virtualization of a 

patient’s environment may be customized to suit a patient’s interest and physical abilities, 

offering them a safer, personalized and motivating experience with rehabilitation (Burke et al. 

2009; Saini et al. 2012; K. M. Gerling et al. 2010). For example, SilverPromenade (a Wii 

Balance Board based gaming) allows the users to have a virtual walk through places well known 

to them (K. M. Gerling et al. 2010) and gives them a feel of exploring those places in person. 

With the popularity of miniature, portable and inexpensive media players in the market, the use 

of external stimuli such as music or video during physical rehabilitation is not uncommon (Table 

4). Several studies have investigated the influence of listening to music and watching a video on 

attentional focus, perceived fatigue and exercise output (Chow and Etnier 2017; Marcelo 

Bigliassi et al. 2017; J.-H. Lin and Lu 2013). While exercising, one may tend to concentrate on 

internal bodily sensations such as breathing pattern, feelings of fatigues in the muscle, and 
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increase in the heart rate. Many studies, utilizing music and video films as external stimuli 

during an exercise session, have shown that music and video can act as a distraction from the 

physical discomfort of exercise and offer an engaging exercise experience (Barwood et al. 2009; 

Hutchinson et al. 2015; J.-H. Lin and Lu 2013). Few studies have reported that the use of video 

and music as a dissociative attentional stimulus during exercise may lower perceived exertion, 

and lead to improved exercise adherence and performance (Stanley et al. 2007; L. Jones et al. 

2015; Monedero et al. 2015). For example, a pedalling sessions with video engagement resulted 

in higher peak pedalling speeds for a given blood lactate level compared to pedalling without 

video interaction (Robergs et al. 1998). In a similar study, MacRae et al. (2003) showed that 

video and music improved the speed and distance pedalled by women without aerobic fitness 

training (MacRae et al. 2003); however, reported perceived exertion (RPE) was observed to be 

no different between pedalling with and without video interaction (Nethery 2002). While 

extrinsic video feedback during pedalling may ultimately increase exercise motivation, 

compliance and performance (Nowlan 2016; Stastny et al. 2018), little is known about the effects 

of exercise performance feedback and video engagement on cardiovascular performance. 
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Table 4: Summary of existing research that utilized external stimuli as engagement during rehabilitation exercises and studied its influence on the 

rehabilitation outcome. 

Study Reference 
Exercise 

Monitored 
Engagement type / mode Result / Conclusion 

(Lind 2009) Cycling Watching musical video non-significant differences between groups in HR, oxygen consumption, and power 

output values; More positive affective responses during music-video condition than 

control 

(Jacobs et al. 

2013) 

Upper limb training Serious game / 

Gamification 

Participating patients found game-based exercise training to be motivating and 

meaningful. 

(L. Jones et al. 

2015) 

Cycling Music, Video, combination 

of music and video 

Highest enjoyment during and after exercise was reported with music only and 

music-and-video condition, regardless of exercise intensity 

(Corbetta et al. 

2015) 

Walking Virtual reality (VR) based 

video 

Significant improvement in walking speed, balance and mobility with VR based 

rehabilitation 

(M.-H. Chen et al. 

2015) 

Upper limb training Video games (Wii, XaviX) Significant increase in enjoyment with video game based exercise, relative to 

conventional exercise therapy, was reported. Motivation increased but not 

significantly. 

(Nowlan 2016) Cycling VR immersive environment Significant increase in time-to-exhaustion and enjoyment, and reduction in RPE with 

VR relative to control; No significant changes in HR and peak oxygen consumption 

VO2MAX 

(Annesi 2001) Cycling, stepping, 

walking 

Television (TV), music, and 

comibnation 

Combined music and TV group had lowest dropout, and completed significantly 

longer exericse sessions, relative to other groups. 

(Rider et al. 2016) Treadmill walking TV Greater enjoyment and better dissociation from walking activity was reported for 

session with TV compared to no TV condition 

(MacRae et al. 

2003) 

Cycling Music, video-and-music Untrained cyclists cycled faster and further under video-and-music engagement, 

relative to music only group. 

(J.-H. Lin and Lu 

2013). 

Cycling Music, video, music-and-

video 

Music-and-video group reported a significantly lower RPE than other groups; Music 

group perceived significantly lesser effort in cycling task than video group. 

(Hutchinson et al. 

2015) 

Running Music, video-and-music Participants from music-and-video group demonstrated highest level of dissociation, 

lowest RPE and most positive affective response 
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Part – B: Thrombolysis for ischemic stroke and 

intracerebral haemorrhage 

 

2.6  Thrombolysis as a therapy for ischemic stroke 

2.6.1 Thrombolysis 

The main cause of ischemic stroke is the formation of thrombus or emboli that impedes the 

supply of blood and nutrients to the brain cells. Thrombolysis involves breaking down of the 

blood clot or thrombus responsible for this using thrombolytic agent to improve the blood flow, 

reduce the volume of irreversible damage to cerebral tissues and organs, and to restore the 

function of the affected area (Perler 2005; Beckerman 2017; Pereira et al. 2001). Recombinant 

tissue plasminogen activator (rt-PA) or alteplase is the second generation of thrombolytic agent 

popularly used to treat acute ischemic stroke (Kumar et al. 2010). The thrombolytic medications 

are administered intravenously and are recommended to be given as soon as possible following 

an onset of acute ischemic stroke (Ali et al. 2014; Morse et al. 2009). Depending upon the patient 

condition and the severity of the stroke, a clinician may inject the clot-dissolving drugs into the 

access site through a catheter, or insert a long catheter into the blood vessel to administer the 

medication directly to the clot (Beckerman 2017). When administered, it binds to fibrin on the 

surface of the clot and activates the fibrin-bound plasminogen thereby separating the plasmin 

from the plasminogen. The plasmin breaks the fibrin molecules apart and dissolves the clot 

(Collen and Lijnen 2005). Radiological imaging is used to monitor and confirm if the blood clot 

is dissolving. 
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2.6.2 Benefits of thrombolysis 

Thrombolytic therapy was first attempted on humans over 45 years ago, but was abandoned due 

to serious haemorrhagic complications (Fitch and Sussman 1961). However, the following 

studies on animal stroke models confirmed that rt-PA administration can restore that cerebral 

blood flow to near normal levels and that thrombolysis results in improved neurological 

functions (Zivin et al. 1988; Lyden et al. 1989; Del Zoppo et al. 1986). Thrombolysis using 

intravenous rt-PA, alteplase, improves functional outcome and reduces death in acute ischemic 

stroke (David A Brown et al. 2005; Pereira et al. 2001; Hacke et al. 1995)  After a series of 

randomized controlled trials and safety monitoring studies, alteplase is now approved as acute 

treatment within 4.5 hours of symptom onset as an effective therapy for acute ischemic stroke 

(Lees et al. 2010; Chatterjee 2012; Emberson et al. 2017; Hacke et al. 2008). The odds ratio 

(OR) of a disability-free outcome following rt-PA, relative to placebo, is 2.6 when administered 

within 3 hours (Lees et al. 2010). Around one in three patients treated with alteplase within 3 

hours of symptom onset, and one in six treated within 4.5 hours, achieved significant benefit 

(Saver et al. 2009). 

2.6.3 Effect of stroke onset-to-treatment time on clinical outcome 

Alteplase is an effective treatment for acute ischaemic stroke but debate continues about its long-

term usage from stroke onset in older patients for diminishing benefits and the fear of 

unfavourable outcome (Emberson et al. 2017). Two placebo-controlled trials have shown a 

substantial benefit of early treatment with intravenous rt-PA in patients with acute cerebral 

ischemia: the National Institute of Neurological Disorders and Stroke 2 (NINDS-2) trial in the 

USA, which tested treatment within 3 hours of stroke onset, and the European Cooperative Acute 

Stroke Study (ECASS) III trial in Europe, which tested treatment between 3-4.5 hours from onset 
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(Lees et al. 2010). While the Food and Drug Administration (FDA) in the USA recommends the 

use of alteplase only within 3 hours of stroke onset (NINDS 1995; Genentech 2018), the 

treatment has been reported to benefit when given up to 4.5 hours from stroke onset (Bluhmki et 

al. 2009; Hacke et al. 2008; Lees et al. 2010). The treatment is more effective when administered 

at early stroke onset  (Lees et al. 2010) and the benefits diminish with increase in onset-to-

treatment time (OTT) (ATLANTIS, 2004).  

Lees and colleagues studies the influence of OTT on 3-month outcomes in 3670 patients from 

ECASS-III, EchoPlanar Imaging Thrombolytic Evaluation Trial (EPITHET) and alteplase for 

stoke patients and found that odds of a the Odds of a favourable 3-month outcome decreased as 

OTT increased (p=0.0269) (Lees et al. 2010). Adjusted odds of a favourable 3-month outcome 

were reported to decrease from 2.55 (95% CI 1.44–4.52) for 0–90 min, 1.64 (1.12–2.40) for 91–

180 min, and 1.34 (1.06–1.68) for 181–270 min, to 1.22 (0.92–1.61) for 271–360 min in favour 

of the alteplase group relative to control. There was negligible benefit seen with rt-PA treatment 

after around 4.5 hours. When rt-PA was administered beyond 4.5 hours from stroke onset, the 

risk of SICH and other complications may  outweigh the benefits (Lees et al. 2010). The benefits 

of the thrombolytic treatment using alteplase also varies with patient age and stroke severity, as 

indicated by National Institute of Health Stroke Scale (NIHSS) score. Therefore, health 

departments in some European countries and Australia caution in marketing of rt-PA to patients 

older than 80 years, and with severe and mild stroke (Emberson et al. 2017; Australian 

Government Department of Health. Therapeutic Goods Administration. 2011). 

2.6.4 Complications of rt-PA thrombolysis – Haemorrhagic Transformation 

Intravenous rt-PA is an effective therapy for acute ischemic stroke decreasing stroke mortality. 

However, a proportion (5 to 7%) of the patient population may develop life-threatening 
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intracerebral haemorrhage following thrombolysis (Tanne et al. 2002; Hacke et al. 1995). This 

haemorrhagic transformation (HT) is known as symptomatic intracerebral haemorrhage (SICH), 

which may lead to oedema around the ischemic lesions and worsen the clinical outcome (Mazya 

et al. 2012; Kang et al. 2012). A significant increase in the odds of a patient developing SICH 

within 10 days following thrombolytic treatment was reported by Upton and colleagues (OR = 

6.90, 95% confidence interval (CI): 2.21 - 21.50) (Upton et al. 2016). Further, a parenchymal 

haematoma of type 2 was seen in 5.2% of patients who received alteplase, compared to 1% of 

patients in control group (OR = 5.37, 95% CI: 3.22 - 8.95, p<0.0001) (Lees et al. 2010).  

Seven major randomised clinical trials that explored the urgent application of thrombolytic 

therapy using rt-PA in stroke patients have been published: ECASS-I, II, and II studies, NINDS 

trial, the Alteplase Thrombolysis for Acute Non-interventional Therapy in Ischemic Stroke 

(ATLANTIS A and B) studies, and the EPITHET trial. The key outcome variables investigated 

in these studies were safety (represented by early death or haemorrhage rates) and efficacy (death 

or dependency at the end of the trial) of the thrombolytic treatment (Table 5). The NINDS trial 

with rt-PA treatment reported that 6.4% of ischemic stroke patients that received rt-PA therapy 

within 3 hours of onset, developed SICH (Tanne et al. 2002; Chatterjee 2012; Saposnik, Guzik, 

et al. 2013). Similarly, the ECASS trial showed rt-PA was associated with higher risk of SICH 

compared to placebo (Hacke et al. 1995, 1998, 2008). Furthermore, ATLANTIS trial part A and 

B both reported a significantly higher number of patients in thrombolysis group developing 

SICH as compared to placebo group (Clark et al. 1999, 2000). While ATLANTIS A study saw 

11.3% of patients that were administered thrombolysis developing SICH compared to none from 

placebo group (p=0.003); ATLANTIS B reported 6.7% of patients in thrombolysis group and 

1.3% of patients in placebo group developing SICH (p<0.001). 
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Table 5: Summary of results from randomised controlled trials on rt-PA thrombolysis regarding mortality and occurrence of SICH. The 

significance level is 95% (p<0.05). One asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate p≤0.001. 

Trial / Study Year Total Thrombolysis Placebo p Value p Value

ECASS 1995 0 - 6 620 313 307 22.4% 15.8% 0.040 * 42.8% 36.8% > 0.05

NINDS 1995 0 - 3 624 312 312 17.0% 21.0% 0.300 6.4% 0.6% < 0.001 ***

ECASS-II 1998 0 - 6 800 409 391 10.5% 10.7% 0.816 8.8% 3.4% < 0.05 *

ATLANTIS A 1999 0 - 6 142 71 71 22.5% 7.0% 0.009 ** 11.3% 0.0% 0.003 **

ATLANTIS B 2000 3 - 5 613 307 306 7.6% 4.2% 0.080 6.7% 1.3% < 0.001 ***

ECASS-III 2008 3 - 4.5 821 418 403 7.7% 8.4% 0.680 2.4% 0.2% 0.008 **

EPITHET 2008 3 - 6 101 52 49 25.0% 14.0% 0.161 7.7% 0.0% NS

OTT 

(hours)

No. of Participants Death at 3 months

Thrombolysis vs Placebo

SICH Cases

Thrombolysis vs Placebo

 

NS = Not specified.  

Trials: NINDS (The Natinal Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995); ECASS (Hacke et al. 

1995); ECASS-II (Hacke et al. 1998); ECASS-III (Hacke et al. 2008); EPITHET (Davis et al. 2008); ATLANTIS A (Clark et al. 

1999); ATLANTIS(Clark et al. 2000) 



72 

 

2.7 Symptomatic intracerebral haemorrhage  

2.7.1 Definition 

SICH is manifested by neurological deterioration defined by worsening of NIHSS score (Mazya 

et al. 2012). Based on the NIHSS deterioration, and findings on clinical imaging, SICH has been 

defined in a number of ways (Kent et al. 2015; Seet and Rabinstein 2012; Lees et al. 2010; 

Hacke et al. 1995). All definitions include the presence of blood products on a computed 

tomography (CT) image of the head taken after thrombolytic treatment (Table 6), and a variable 

associated with mortality (Yaghi et al. 2014). The commonly used definitions of SICH (Table 7), 

derived from landmark clinical studies, are as follows: 

• Safe Implementation of Thrombolysis in Stroke-Monitoring Study (SITS-MOST) 

defines SICH as a local or remote Type 2 parenchymal haemorrhage (PH2) on 

imaging 22 to 36 hours after thrombolytic treatment (or earlier if the imaging scan 

was performed due to clinical deterioration) combined with a neurological 

deterioration of 4 NIHSS points from baseline or from the lowest NIHSS score 

between baseline and 24 hours or leading to death within 24 hours.  

• ECASS-II study defines SICH as any type of intracerebral haemorrhage on any post-

treatment imaging after the start of thrombolysis and increase of 4 NIHSS points 

from baseline, or from the lowest value within 7 days, or leading to death.  

• NINDS trial defines SICH as any deterioration in NIHSS score or death within 7 days 

combined with intracerebral haemorrhage of any type (including petechial) on any 

post-treatment imaging after the start of thrombolysis. 

 

This thesis follows the definition of SICH by ECASS-II for its data analysis and risk score 

prediction. 



73 

 

Table 6: Classification of haemorrhage for the definition of SICH, used in TIPS study (Paul et al. 2014). 

Class Description 

HI 1 Small petechiae without space-occupying effect 

HI 2 More confluent petechiae without space-occupying effect 

PH 1 Haemorrhage in 30% of the infarcted area with mild space-occupying effect 

PH 2 Haemorrhage in 30% of the infarcted area with significant space-occupying effect 

HI: haemorrhagic infarction; PH: parenchymal hematoma 

 

 

Table 7: Summary of commonly adapted definitions of SICH. 

Study/Trial Clinical sign Radiological sign (Imaging) 

NINDS Any neurological deterioration Any intracerebral haemorrhage 

ECASS-II NIHSS deterioration  4 Any intracerebral haemorrhage 

SITS-MOST NIHSS deterioration  4 Local or remote PH2 

 

 

2.7.2 Implications of Symptomatic intracerebral haemorrhage  

While thrombolytic therapy (rt-PA) for ischemic stroke decreases stroke mortality, it carries a 

substantial risk of SICH (Hong et al. 2011). SICH is considered a major adverse effect of 

thrombolysis (Pereira et al. 2001; Trouillas and Von Kummer 2006; Yaghi et al. 2014), and is 

associated with increased mortality and severe disability rates (Lansberg et al. 2007). For 

example, 60% in-hospital deaths were reported in patients that developed SICH, relative to only 

10% in non-SICH patients, and 32% of SICH patients were ranked 4-5 on mRS scale, compared 

to 26% for non-SICH patients (Tanne et al. 2002; Hacke et al. 1995). Another study reported 

higher mortality rate (26.9%) in patients who developed SICH, relative to only 6.2% of patients 

who didn’t develop SICH (Tong et al. 2014). Patients that developed SICH following a 
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thrombolytic therapy were less likely to be discharged home than non-SICH patients. Several 

radiological, pharmacological and clinical factors have been implicated in increasing the risk of 

alteplase related bleeding in the brain. The clinical outcome following thrombolysis is reported 

to be strongly influenced by patient age, stroke severity, and treatment delay (Meretoja et al. 

2014; Fonarow et al. 2011). 

The risk of a patient developing SICH following rt-PA treatment limits the administration of 

thrombolysis to eligible stroke patients. For instance, only about 15% of eligible stroke patient 

population in Australia have received thrombolysis to date (Tanne et al. 2002). Despite being the 

only treatment approved by FDA for acute ischemic stroke, the overall thrombolysis rate is as 

low as 5.2% in the USA (Tong et al. 2014; J. S. Lee et al. 2015; Adeoye et al. 2011). While UK 

is reported to have less than 5% thrombolysis rate for overall cases of acute ischemic strokes 

(Mozaffarian et al. 2015; Rudd et al. 2011), Korea has only 8.6% of eligible stroke patients 

undertaking thrombolysis treatment within 3 hours from stroke onset  due to the risk of SICH 

(Hacke et al. 1998; Eissa et al. 2012; Hacke et al. 1995). As per the survey conducted in 2005, 

40% of emergency physicians were reluctant to use rt-PA therapy citing risk of developing SICH 

(D. L. Brown et al. 2005; Kent et al. 2015). A favourable outcome post rt-PA treatment is 

strongly associated with decreased onset-to-treatment time (Emberson et al. 2017; Lees et al. 

2010). An analysis technique for estimating the risk of haemorrhagic transformation prior to 

thrombolysis may be able to help clinicians in appropriate patient selection for the treatment of 

stroke using thrombolysis. 

2.7.3 Risk factors for Symptomatic intracerebral haemorrhage  

 Several studies have reported on clinical, radiological and laboratory variables that are 

considered to increase risk of SICH following thrombolysis (Table 8). Knowledge of such 
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variables, or risk factors, may help in understanding the physiological mechanism of SICH 

development and devising treatments that reduce the risk of SICH.  

 

Table 8: Risk factors for post-thrombolysis development of SICH. 

Risk factors Studies 

Blood glucose or history of glucose (Hill and Buchan 2005; Tanne et al. 2002; Demchuk et 

al. 1999; Barber et al. 2000; Kase et al. 2001) 

Stroke severity (NIHSS score) (The NINDS t-PA Stroke Study Group 1997; Dubey et 

al. 2001; Cocho et al. 2006) 

Age (Larrue et al. 2001; Gore et al. 1995; The ATLANTIS, 

ECASS 2004) 

Onset-to-treatment time  (Hill and Buchan 2005; Cocho et al. 2006; The 

ATLANTIS, ECASS 2004) 

Systolic blood pressure (Tanne et al. 2002; Gilligan et al. 2002) 

Platelet count (Tanne et al. 2002) 

History of Congestive Heart Failure (Larrue et al. 2001; Tanne et al. 2002) 

 

Previous studies have assessed the association of serum glucose, a history of diabetes or both 

these variables with an increased risk of SICH. While a significant association between both risk 

factors and SICH was reported by two studies (Tanne et al. 2002; Demchuk et al. 1999), another 

two studies observed significant association only between serum glucose and SICH (Kase et al. 

2001; The NINDS t-PA Stroke Study Group 1997). Findings of these studies suggest that higher 

serum glucose or a previous history of diabetes at the time of admission increases the risk of a 

patient developing SICH following thrombolysis. Severe stroke, as represented by higher value 

of NIHSS score, was observed to be significantly associated with SICH (The NINDS t-PA 

Stroke Study Group 1997; Dubey et al. 2001; Cocho et al. 2006). The association between 
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severity of stroke symptoms was justified by the notion that SICH is most likely to occur in 

patients with severe cerebral ischemia (Lansberg et al. 2007). Older age was considered to be an 

independent risk factor of SICH (Larrue et al. 2001). Multivariate analysis of risk factors for 

SICH in NINDS, ECASS and ATLANTIS trials reported a strong association of age with 

occurrence of SICH (The NINDS t-PA Stroke Study Group 1997; The ATLANTIS, ECASS 

2004). However, the Canadian Alteplase for Stroke Effectiveness Study reported no difference in 

SICH rate between the patients older than 80 years and patients younger than 80 years (Hill and 

Buchan 2005). Though there are only a few studies that included patients older than 80 years and 

assessed the association of SICH risk with age, patient age remains a commonly used variable in 

SICH risk predictive models.  

Occurrence of SICH severely worsens the functional recovery and increases mortality (Mazya et 

al. 2012). Emerging researches have indicated the presence of cerebral microbleeds (CMBs), in 

addition to stroke severity and high BP, as a possible risk factor for SICH (Dannenberg et al. 

2014). The pathogenesis of CMBs are associated with cerebral amyloid angiopathy and 

hypertension (Chacon-Portillo et al. 2018; Dannenberg et al. 2014)). CMBs are small 

concentrations of blood product (detectable by MRI sequences) that are considered as indicators 

of haemorrhage-prone small vessel disease (Chacon-Portillo et al. 2018; Park et al. 2013). CMBs 

were present on the pre-thrombolysis imaging of 12-39% of patients with acute ischemic stroke 

eligible for intravenous thrombolytic therapy and have been linked to occurrence of 

haemorrhagic transformations (Hacke et al. 1998; Charidimou et al. 2013). For example, in a 

comparative study, risk of SICH and parenchymal haemorrhage was found to be significantly 

higher (OR 37.83; 95% CI; 2.65–539.25; p =.007) in patients having 10 or more CMBs, relative 

to patients without CMBs (Chacon-Portillo et al. 2018). The result suggests that higher numbers 
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of CMBs may indicate a higher tendency for the breakdown of the blood brain barrier leading to 

a greater risk of HT. While cerebral microbleeds are a potential risk factor for SICH, popular 

analytical techniques for SICH risk estimation do not take these into consideration. The risk 

estimation work presented in this thesis looks at only clinical parameters and doesn’t focus on 

pathogenesis of microbleeds. Linking the risk estimates with cerebral microbleeds for CAA 

would make an excellent avenue for future research. 

Clinical trials investigating the efficacy of rt-PA therapy allowed treatment up to 3, or 4.5 hours 

from the onset of symptoms, whereas only few studies included records of patients getting 

thrombolytic therapy up to 6 hours from the stroke onset (Lansberg et al. 2007). However, a 

longer OTT has been reported as an independent predictor of adverse outcome and symptomatic 

intracerebral haemorrhage (Mazya et al. 2012). This has guided future studies to focus on 

reducing OTT duration to reduce the risk of SICH. Study by Gilligan and team established a 

significant association between blood pressure and SICH (Gilligan et al. 2002) and another study 

considered systolic blood pressure as an independent risk factor for SICH in the univariate 

analysis (Tanne et al. 2002; Asuzu et al. 2015). Few studies evaluated the association of platelet 

count with the risk of SICH (Kase et al. 2001; Larrue et al. 2001; Tanne et al. 2002). However, 

only one study (Tanne et al. 2002) identified decrease in platelet count as an independent risk 

factor for SICH. 

2.7.4 Prediction of SICH risk 

While medication has been identified to control SICH at the biological level (Weiser and Sheth 

2013; Kunte et al. 2012), strategies to predict SICH before administering thrombolysis and 

excluding the patients who may be at high risk of developing SICH are gaining popularity (Soize 

et al. 2013; Asuzu 2017; Asuzu et al. 2015; Cucchiara et al. 2008). Some of the prediction 
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technique are based on pre-treatment brain imaging. For example, a non-contrast head CT focal 

hypodensity (Toni et al. 1996) or CT angiography was used to measure the contrast opacity and 

develop a clot burden score that correlated with SICH (Puetz et al. 2008). Some of the 

quantitative methods have been employed to assess the haemorrhagic volume and its association 

with clinical outcomes. Spontaneous intracerebral haemorrhage volume has been positively 

correlated with 30-day mortality and is used for prediction of mortality when combined with 

Glasgow Coma Scale (J. Broderick et al. 1993). 

Advancements in machine learning algorithms and advanced data analytic techniques have 

enabled prediction of SICH based on patient clinical and demographic data. This has allowed 

patients deemed ‘at risk’ of SICH to be excluded from the thrombolysis treatment before it 

commences.  Commonly use clinical SICH risk scores include the following (see Table 9): 

• Stroke-TPI: Stroke-Thrombolytic Predictive Instrument (Kent et al. 2006),  

• ASTRAL: Acute Stroke Registry and Analysis of Lausanne (Ntaios et al. 2012),  

• HAT: Haemorrhage After Thrombolysis (Lou et al. 2008),  

• Risk score by Cucchiara and team (Cucchiara et al. 2008) 

• iScore (Saposnik, Raptis, et al. 2011),  

• SEDAN: baseline blood Sugar, Early infarct signs, Dense cerebral artery sign, Age 

and NIHSS (Daniel Strbian et al. 2012),   

• DRAGON: Dense cerebral artery or early infarct signs on CT, mRS, Age, Glucose 

level on admission, Onset to treatment time and NIHSS (D Strbian et al. 2012),  

• SITS-ICH: Safe Implementation of Treatments in stroke Symptomatic Intra-Cerebral 

Haemorrhage) (Mazya et al. 2012). 
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• SPAN-100: Stroke Prognostication using Age and NIH Stroke Scale – 100 (Saposnik, 

Guzik, et al. 2013),  

• THRIVE: Totaled Health Risks In Vascular Events score (Gaucher and Hildncr 2015) 

• CDSS: a computerized Clinical Decision Support System for treating thrombolysis (J. 

S. Lee et al. 2015) 

• Simple SICH risk estimates using age and NIHSS (H. J. Lee et al. 2017)  

• TURN Score:  (Asuzu 2017) 

 

Many important clinical and demographic variables used in for the prediction of SICH risk are 

shared in these risk scores. For example, age and NIHSS score are commonly used predictors in 

Stroke-TPI, DRAGON, ASTRAL, MSS and few other popular risk scores. Findings of a 

multivariate analysis from SITS-MOST study also reported that clinical outcome of stroke 

became worse in patients with higher age and stroke severity (Wahlgren et al. 2008). Consistent 

findings were reported by other studies (Tong et al. 2014; Asuzu et al. 2015; D Strbian et al. 

2012; Ntaios et al. 2012; Lou et al. 2008; Klemperer et al. 2014; Daniel Strbian et al. 2012) that 

the risk of a patient developing SICH after being administered thrombolysis is dependent on age, 

higher NIHSS, higher blood pressure, and history of hypertension and hyperlipidaemia. Further, 

we found the history of hyperlipidaemia as one of the risk factors for SICH, as identified by 

Tong and colleagues (Tong et al. 2014); however, none of the other risk scores utilized 

hyperlipidaemia as a risk factor for SICH. 
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Table 9: Summary of the popular risk scores and risk factors used to predict the risk of SICH in acute ischemic stroke patients. 

Clinical Features Stroke-TPI DRAGON SPAN-100 ASTRAL MSS HAT SEDAN SITS-ICH TURN CDSS Lee et al Cucchiara et al THRIVE iScore

Age ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Stroke severity / NIHSS ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Systolic Blood Pressure ✓ ✓ ✓

Aspirin/Clopidogrel ✓

Glucose ✓ ✓ ✓ ✓  ✓ ✓ ✓ ✓ ✓

Diabetes  ✓

OTT ✓ ✓ ✓ ✓ ✓

Pre-stroke mRS ✓ ✓

Atrial Fibrillation ✓

Hypertension ✓ ✓

Weight ✓

Visual field defects ✓

Decreased consciousness ✓

Platelets ✓ ✓

Early CT Hypodensity ✓

HDMCA  ✓

Early CT infarct  ✓

C-statistics 0.76 -- 0.57 -- -- 0.74 0.77 0.70 0.74 0.82 -- 0.69 0.69 0.82

Has a web/Mobile tool? -- -- -- -- -- -- -- -- ✓ ✓ -- -- -- ✓

Multi-centerd data? -- -- -- -- -- -- -- ✓ -- -- ✓ ✓ ✓ ✓  

 Either of the two risk factors is used;  
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2.7.5 Challenges in SICH prediction 

Several clinical and demographic variables that are associated with the risk of SICH have been 

identified; however, such predictive risk scores have many challenges to overcome before being 

adopted into routine clinical practice, including selection of risk factors to use, computational 

complexity, and the trade-off between number of clinical variables and prediction accuracy 

(Mazya et al. 2012; Kent et al. 2006; Lou et al. 2008; Cucchiara et al. 2008; H. J. Lee et al. 

2017). Many of the available SICH risk scores are computationally complex (except SPAN-100, 

TURN, TURNP) or are poor predictors of SICH, as reported by several studies (Daniel Strbian et 

al. 2012; Asuzu et al. 2015; Sung et al. 2013). Some of them use variables that may not be 

readily available to make a quick decision on whether to administer rt-PA or not, without losing 

on early OTT time. For example, iScore requires information on renal dialysis which may be 

available at the time of thrombolytic treatment. Therefore, future studies ought to develop SICH 

risk scores that are simple to compute using minimal yet critical clinical variables and predict 

SICH with better accuracy than existing methods. 
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Chapter 3: A protocol for pedalling-based 

exercise monitoring  
 

 

3.1 Summary 

 Stroke is the leading cause of physical disability worldwide. Stroke survivors suffering from 

neuromuscular impairment are often prescribed cycling as a therapy to improve motor 

performance during gait. Adherence to post-stroke rehabilitation programs remains poor due to 

repetitive and tedious nature of exercise, lack of motivation, and access to resources, especially 

in home-based rehabilitation settings. The provision of speed feedback and audio-visual 

engagement during exercise therapies has been shown to improve exercise compliance and 

performance in healthy individuals; however, the influence of real-time video-based engagement 

on physiology and exercise performance during pedalling is not well understood in stroke 

patients. The aim of this study is to – (i) assess the safety and feasibility of real-time exercise 

monitoring, and (ii) quantify the influence of exercise feedback and video- based engagement on 

pedalling performance, heart rate (HR), blood oxygen saturation (Sp02) and workload (% of HR 

reserve) in stroke patients with mild-to-moderate lower limb disability, and to compare the 

results with that for healthy participants.  

Fifteen stroke survivors and 15 healthy subjects were recruited and involved in six sessions of 

pedalling at two target speeds and with three different intervention types. Exercise performance 

(pedalling speed deviation from target speed) and physiological parameters (SpO2, HR and 

workload) were simultaneously recorded. Their experience with feedback and engagement 
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medicated pedalling session and preferences for application of feedback and engagement in 

future rehabilitation therapy was captured using a survey. The primary outcomes included  (i) 

validation of custom exercise monitoring mechanism by assessing safety and feasibility of real-

time exercise monitoring in clinical setting, and the influence it had on patient satisfaction and 

exercise adherence, (ii) investigating the influence of real-time visual feedback and video-based 

engagement pedalling performance and exercise-induced changes in the physiological 

parameters, as well as its influence between stroke patients and healthy controls. Secondary 

analyses provided logistic recommendations for a bigger follow-up trial in terms of: (i) patient 

recruitment and retention rate, (ii) funding and human resource requirements, (iii) any concerns 

from participants / clinicians during study, and (iv) selection of critical rehabilitation parameters 

for monitoring. 

Ethics and dissemination: Approved by the Western Health, Human Research Ethics 

Committee. Results were disseminated through peer-reviewed publications and conference 

presentations. 

Trial registration number: HREC No. 2015.308, LREP Project Number: HREC/16/WH/31 

 

3.2 Introduction 

3.2.1 Background Information and rationale 

Stroke is the leading cause of adult disability globally (Hung et al. 2016; Donoso Brown et al. 

2014). Stroke is Australia’s second biggest killer after coronary heart disease and a leading cause 

of disability (Deloitte Access Economics 2013). For most stroke survivors, the long term effect is 

impairment, disability and handicap (Brewer et al. 2013). About 50% of stoke survivors have 
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reduced mobility due to paralysis in the lower limb (Katan and Luft 2018). Their activity 

constraints are manifested by reduction in ability to perform activities of daily living (ADL) and 

participation restriction that may last indefinitely after stroke unless intervention is taken (Gadidi 

et al. 2011). The most common long-term problems associated with lower-limb disability, as 

reported by the stroke survivors, include mobility (58%) and falls (44%) (Saunders et al. 2014). 

 To recover physically after a stroke, rehabilitation is recommended by clinicians to ensure that 

affected parts of the body are stimulated (Tang et al. 2009). Due to lack of motivation and other 

barriers, many stroke survivors do not participate sufficiently in physical activities (Rand et al. 

2009). Several likely reasons for limited participation in exercise regimes include – (1) 

rehabilitation exercises are often repetitive and boring, (2) lack of awareness of exercise as being 

beneficial to physical recovery, (3) unaffordable exercise resources / rehabilitation logistics and 

(4) unavailability of structured, guided exercise sessions or supervisory feedback on their 

exercise performance (Simpson et al. 2011; G. Banks et al. 2012).  

One of the ways to influence rehabilitation outcomes is to provide immediate feedback to 

patients on their exercise regime. Patients’ exercise behavior can be improved by including 

interventions to improve self-efficacy and outcome expectation in the design of rehabilitation 

exercise (Shaughnessy and Resnick 2009). Ability to track their physical activity and fatigue 

gives patients the confidence to self-manage their rehabilitation program and motivation for 

adherence (S. A. Billinger et al. 2014). Even a sense of perceived benefit may motivate a patient 

to exercise (Gill and Sullivan 2011; Ortís et al. 2007). Monitoring the patient’s exercise regime 

and examining its contribution to recovery can help clinicians develop individualized 

rehabilitation therapy for the maximum benefit of the patient. Immediate feedback can also help 

in reducing exercise-related-injury that may occur within home-based rehabilitation settings, 
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where one attempts to exercise without expert supervision (Spina et al. 2013). Such feedback can 

offer patients and clinicians an opportunity to improve accuracy during functional exercises, 

enhance patient engagement and reduce the need for continuous supervision of rehabilitation 

program by physiotherapists (Giggins et al. 2013). 

Rehabilitation exercise feedback can be managed through exercise tracking and data recording. 

Knowledge of Performance (KP – e.g., if patient is able to perform cycling at a fairly constant 

speed) and Knowledge of Result (KR – e.g., current exercise count vs the target) represents a 

wholesome picture of exercise error and ways to correct them, thus offering a common platform 

for outcome based dialogue between patient and clinician (van Vliet and Wulf 2006) 

(Subramanian et al. 2010) (Saini et al. 2012). Timing, frequency, delivery mode and specificity 

of the feedback play an important role in efficacy of interventional feedback and hence it needs 

to be diligently planned in the intervening system group (Dobkin et al. 2010) (Dorsch et al. 2015) 

(Boysen et al. 2009). 

Offering a feedback on physical exercise to post-stroke rehab-patients often showed a positive 

trend in recovery of motor function. A summary of recent research involving monitoring of 

different exercises and offering immediate feedback to the patients through different modalities 

has been presented in Table 10. 

While the mechanism of exercise monitoring and participant engagement was targeted at stroke 

patients, it was important to baseline its efficacy on healthy subjects. Therefore, the protocol was 

designed to study the effect of such exercise monitoring intervention on healthy subjects as well. 
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Table 10: Summary of prior research in offering different methods of feedback on physical activity 

Reference Purpose of experiment Exercise Monitored Feedback type / mode Result / Conclusion 

(Gilmore and 

Spaulding 

2007) 

Determine the efficacy of 

videotape feedback on 

occupational therapy 

Donning socks and 

shoes 

Videotape of donning socks 

and shoe activity 

No significant difference between 

groups; video feedback group were more 

satisfied with their ability  

(Boysen et al. 

2009) 

Test the motivation for 

physical activity through 

repeated verbal 

instructions 

Walking and other 

activities of daily living 

(ADL) 

Verbal instructions on being 

physically active 

No significant increase in physical 

activity of patients who received verbal 

encouragement and instructions 

(Dobkin et al. 

2010) 

Test the efficacy of verbal 

feedback 

Walking  Daily verbal feedback on 

walking speed 

shows significant improvement in 

walking speed 

(Lange et al. 

2010) 

Explore the use of video 

gaming console (Wii Fit) 

as rehab tool 

Weight shifting while 

standing and walking 

Weight shifting and balance 

control activity-based video 

game 

Positive feedback on use of game for 

balance rehabilitation  

 (Ferrante et 

al. 2011) 

Investigate the feasibility 

and utility of a cycling 

biofeedback 

Cycling Visual feedback on torque 

on each pedal, work done by 

each leg 

Cycling intervention is effective; effect 

of BF needs larger scale study 

(S. I. Lin et al. 

2012) 

Test the effect of visual 

feedback on cycling 

motion in stroke patients 

Cycling Visual feedback on EMG, 

cycling cadence and torque 

Visual feedback improves 

neuromuscular control and overall 

performance 
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Reference Purpose of experiment Exercise Monitored Feedback type / mode Result / Conclusion 

(Shiri et al. 

2012) 

Test the feasibility of 

virtual reality base 

rehabilitation tool 

 

Upper limb range of 

motion 

Virtual Reality based mirror 

therapy – real-time self-face 

viewing 

VR system developed for rehab is found 

to be safe and feasible 

(Danks et al. 

2014) 

Test if step activity 

monitoring program could 

increase post-stroke 

walking of patients 

Walking Step counter data, verbal 

counselling on step/day, 

bout/day, steps/bout and 

walking time 

Goal-cantered step monitoring program 

improves daily walking activity 

(Popović et al. 

2014) 

Test the effect of feedback 

mediated exercise on 

motivation and recovery 

Modified drawing test 

for upper paretic arm 

Visual feedback through 

game on LCD monitor about 

Arm position / movement 

during rehab exercise 

Significant recovery and Higher level of 

acceptance for feedback mediated rehab 

(Salazar et al. 

2014) 

Test feasibility of 

quantitative monitoring of 

rehab through inertial 

sensors 

Reach-press-return 

activity 

Dashboard on computer 

application for inertial 

sensor data 

The low-cost device looks promising in 

assisting physiotherapists for activity 

data collection 

(Dorsch et al. 

2015) 

Test the feasibility of 

providing quantitative and 

augmented feedback  

Walking Verbal feedback on speed, 

Augmented feedback on 

walking activity recorded by 

sensor 

No significant difference between verbal 

feedback & augmented feedback group 
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3.2.2 Aims and hypotheses 

Using commercially available, open-source electronic components, an exercise recording 

mechanism was created that provided immediate feedback on exercise performance to the 

participants (person exercising) by displaying an exercise dashboard on a computer screen. The 

exercise data captured by the mechanism includes – repetition count, speed and speed trends, 

time of actual exercise and overall regime, frequency and duration of breaks taken (Figure 1). 

The mechanism also integrated a video/music play that allows the participants to watch a video 

(or listen to music) from the computer while they exercise. This constituted the video-based 

engagement during exercise that may motivate the patients to adhere to exercise regime. 

 

Figure 3: Exercise Information dashboard as shown by ‘exercise recording and monitoring mechanism’ 

on computer 

The primary objectives of the proposed feasibility study included: 

1. Assessing the feasibility of objectively measuring exercise performance in clinical 

setting using proposed mechanism and its acceptance by patients & clinicians 
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2. Assessing the effect of proposed mechanism on patient satisfaction and motivation 

for adherence to prescribed exercise regime 

3. Studying the influence of exercise feedback and participant engagement on their 

exercise ability (as indicated by exercise-induced changes in the physiological 

parameters) and exercise performance 

As secondary goals, the proposed study helped us understand logistic challenges in conducting 

an up-scaled trial to follow-up the positive outcome from this study, in terms of:  

1. Patient recruitment and retention rate – understanding the challenges involved in 

patient recruitment and participant management during the study; ensuring 

participants, once enrolled, complete the study 

2. Funding and human resource requirements – estimating the effort required in terms of 

financial and human resources; understanding the need for any tool / software to 

smoothly run the study 

3. Any concerns from participants / clinicians during study – identifying any hindrance 

to the execution the study, possible concerns from the participants 

4. Selection of critical rehabilitation parameters for monitoring – was the recording of 

the proposed set of physiological and exercise performance parameters enough to 

validate hypothesis and demonstrate a significant trend? Was there any challenge in 

collection of data? What were the additional data to be collected? 

We hypothesized that (Table 11): 

1. The proposed scheme of exercise monitoring to offer real-time feedback and video-

based engagement was safe, non-obtrusive and feasible 

2. The proposed mechanism improved patient satisfaction from the exercise session and 

motivated them to adhere to prescribed exercise regime. 
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3. The exercise ability of participants having sessions with video-based engagement & 

real-time exercise feedback mechanism would be better when compared with sessions 

without feedback or engagement.  

 

Table 11: Summary of the objectives, associated hypothesis and outcome measures for the study 

# Hypothesis (HA) Objectives Outcome Measures 

1 The proposed scheme of 

exercise monitoring to 

offer real-time feedback 

and video-based 

engagement is safe, non-

obtrusive and feasible 

Assess the feasibility of 

objectively measuring 

exercise performance in 

clinical setting using 

proposed mechanism 

and its acceptance by 

patients & clinicians 

Score (as rated by participants) 

on: 

• Reliability of data and ease of 

usage,   

• Score on perceived value / 

usefulness of the mechanism  

2 The proposed 

mechanism improves 

patient satisfaction and 

motivates them to 

adhere to prescribed 

exercise regime. 

Assess the effect of 

proposed mechanism on 

motivation for 

adherence to prescribed 

exercise regime by the 

participants 

• Score on perceived 

motivation and benefits by the 

participants, 

• Exercise compliance rate 

3 The use of real-time 

exercise feedback and 

video-based engagement 

would reduce exercise-

induced changes in Sp02 

and HR for stroke 

patients, as it did for 

healthy cohort  

Study the influence of 

exercise feedback and 

participant engagement 

on their exercise ability 

and exercise 

performance 

• Exercise count 

• Speed variation from target 

(mean, std. deviation, 

variability),  

• Changes in (from resting 

value): 

- Heart Rate (HR)  

- Blood Oxygen Level 

(SpO2) 
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3.3 Methods 

3.3.1 Study Design 

We recruited a sample of 15 stroke patients and an equal number of healthy controls to take part 

in this feasibility study. The rehabilitation exercise regime was based on the exercise machine 

used (pedal exerciser for arm / leg or stepper), patient’s condition, functional capacity and 

severity of the stroke-related disability, as determined by the clinicians. 

 

 

Figure 4: Parameters for experimental study 

 

The stroke patients had the following assessments at the beginning of the experiment: 

• Assessment of motor function of affected limbs (standard neurological examination 

by clinical neurology fellow/ neurology advanced trainee or PI) 

• NIHSS / mRS score (Fellow/PI)  

• FIM score (Fellow/PI)  
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Keeping the exercise duration and ‘equipment resistance setting’ fixed, participants were asked 

to perform exercise at two contrasting speeds, and with three combinations of exercise feedback 

and video-based engagement. In short, participants went through 6 possible exercise sessions 

characterised with unique combination of the controlled parameters (speed and intervention 

types), assigned to them in a random order. Intervention type ‘feedback’ referred to exercise 

session where the performance dashboard (i.e., the feedback on exercise count, speed and timing 

details) was visible to the participants for the entire session. Engagement referred to session 

where, along with the feedback, the participants could watch a video as they exercise. The 

baseline session was one without exercise feedback or video engagement.  

 

Table 12: Possible exercise sessions offered to the participants in a random order. The exercise sessions 

were characterized by combination of the target speed and intervention type.  

Session type Target Speed Intervention Type 

1 Speed 1 Baseline 

2 Speed 1 Feedback 

3 Speed 1 Engagement 

4 Speed 2 Baseline 

5 Speed 2 Feedback 

6 Speed 2 Engagement 

Baseline: No feedback or engagement was offered 

Feedback: Exercise dashboard and performance data was visible during the entire exercise 

session 

Engagement: along with exercise dashboard, the participants could watch a video 
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Figure 5: Exercise session and HR/SpO2 measurement scheme for experimental study 

 

Each session was of 15-minute duration comprising three bouts of 5-minutes with a 30-seconds 

break in between for the HR and SpO2 measurement (Figure 5). Depending upon the availability 

of the participants, the exercise sessions were scheduled with no more than two sessions on a 

single day. The participants performing two sessions in a single day were asked to take a 

minimum of 30-minutes of rest (no physical activity) between the two sessions. HR and SpO2 

were recorded at the start and in-between 5-minutes exercise bouts thereafter until the end of the 

exercise regime. For each of the six sessions, the participants were informed about the goal 

(target exercise time and speed to be maintained) and were asked to perform the exercise under 

specific intervention type. Their exercise performance was captured on the proposed recording 

mechanism for all sessions. A questionnaire collected the feedback from the patients after the 

final session.  
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Figure 6: Methodology for experimental study 

 

At the end of 6 exercise sessions, the participants’ feedback was analysed for acceptance or 

liking of the mechanism, user-friendliness in operation, effect on their motivation for performing 

exercise. Input from stroke patients, healthy individuals and therapists were utilized to improvise 

the mechanism further for wider acceptance. After 6 sessions, motor functions of the affected 

limb would be reassessed. All the physiological and exercise data recorded during the study were 

analyzed to understand the influence of intervention on adherence, exercise physiology and 

performance.  
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3.3.2 Exercise feedback and engagement 

The participants received feedback about their exercise performance including (i) cycle count, 

(ii) instantaneous speed, (iii) speed deviation from target, (iv) speed trend with time, (v) total 

time exercise lasted for, (vi) time of actual exercise and (vii) number of breaks taken during 

exercise workout. 

The ability to have a quantified exercise performance was the positive aspect of the feedback. 

The exercise information was made available to the therapist who discussed the progress with the 

patients in an ‘encouraging’ way. Following were the examples of ‘verbal’ feedback that 

clinician provided to the patients, along with exercise data –  

“Your cycling speed is above 60 cycles per minute” 

“You are able to cycle for more time than previous session” 

“You are able to cycle for 1000 counts before taking a break” 

“I see you are making a good progress. You are able to cycle 3000 times in less than 40 

minutes” 

Apart from getting to know the immediate exercise feedback, the patients could watch a video or 

listen to music (on a computer) while they exercise. The video playback rate was synchronised 

with target exercise speed and any deviation from target speed affected the smooth playback of 

the video. For example, the video was played in fast-forward mode when exercise speed became 

more than the target speed range, or in slow-motion for exercise speed lesser than the target 

range. The playback rate synchronisation provided additional motivation to comply with 

specified target speed, during the exercise session. 
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3.3.3 Participants and study site 

A convenient sample of 15 healthy individuals and equal number of patients with acute stroke 

and limb-weakness undergoing neurorehabilitation at Sunshine or Footscray campus of 

Footscray Hospital were invited to take part in this study. Participants’ cognitive function and 

capacity to participate were assessed through subjective judgment by the student researcher 

based on their ability to: 

• Understand the nature and purpose of the study 

• Understand the risks and benefits of the study 

• Understand their right to participate and withdraw 

• Make reasonable judgments and decisions independently 

 

The inclusion criteria for recruitment of patient cohort were: 

• Ischemic stroke or intracerebral haemorrhage confirmed by clinical and radiological 

assessment,  

• Neuro-rehabilitation prescribed at Sunshine or Footscray campus,  

• English speaking  

• Age over 18 years  

 

The exclusion criterion included:  

• Terminal illness,  

• Musculoskeletal impediments (e.g., arthritis of knees) 

• Medication, including beta blockers or calcium channel blockers 
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• Intubation or physically restrained limbs (e.g., limbs shackled to the bedside),  

• Pregnancy 

• Inability to consent, poor cognitive functions or need for admission to intensive care 

as assessed by clinicians 

 

Participants were asked to take part in exercise information recording process through the PC 

based monitoring. All the participants were assessed by NIHSS-accredited clinician at the 

beginning of the recording time as baseline. Other clinical data included following: age, gender, 

NIHSS, stroke type, FIM and mRS scale.  

3.3.4 Recruitment 

Participants deemed to fulfil all the eligibility criteria were invited to participate in the study. The 

healthy control group was recruited from the University of Melbourne campus, whereas the 

patient cohort was recruited from Western Health (routine outpatient, in-patient rehabilitation 

and community rehabilitation centre of Sunshine and Footscray campus). After all inclusion 

criteria were satisfied and the participant had understood all aspects of the study, the 

researcher(s) obtained an informed written consent (Appendix A: Patient Information and 

Consent Form). Demographic information (including age, sex, comorbidities) and stroke details 

were collated from the admission record or through patient interview. Based on mutual 

convenience, an appointment for the exercise sessions was arranged and participants were 

informed of the time and location of the experimental study. Participants were reminded of the 

voluntary nature of their participation in the study and their option to withdraw from the study at 

any time. 
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3.3.5 Randomisation of exercise sessions 

For the proposed study, we randomized the exercise sessions (6 possibilities – at two different 

speeds, with and without feedback/engagement) for each subject to avoid any bias in the result. 

Randomization ensured that sessions allocated among the patients were not biased to any 

covariates like age, disability level, gender etc. Randomization also helped in allocation 

concealment i.e., it ensured that researchers, subjects and others did not know to which session a 

given subject was assigned. A simple randomization technique was followed, which was based 

on a single sequence of random assignments and easy to implement in Microsoft Excel. Based on 

pedalling speed (low and high) and feedback/engagement combinations (none, only feedback , 

and feedback with video-based engagement), the six sessions exercise sessions were numbered 

from 1 to 6. A simple random sequence generator was then employed to randomize the order of 

exercise sessions (1 to 6). A conventional process was used to randomize the sequence of 6 

sessions for each patient as they were recruited. For example, a patient would be assigned 

session sequence 1-3-5-2-4-6 while another patient would be asked to follow the exercise session 

sequence 4-2-1-6-3-5. The patients followed the sequence of exercise sessions randomly 

generated and assigned to them. 

3.3.6 Outcome Measures and Success Criterion 

This research study provided insight into reliability, relevance and acceptance of proposed 

exercise monitoring and patient engagement mechanism. A positive response paved a path for a 

larger, multi-site clinical study on a larger population to study of the clinical efficacy of the 

mechanism and benefits it may have on recovery of motor functions of affected limbs. 
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Table 13: Key success factors from the study for the acceptance of the proposed mechanism.  

Success Factor Explanation Success criterion 

Recruitment rate  # subjects recruited / month > 5 patients / month 

Subject Retention Rate  # patients successfully completed study as % 

of # patients recruited originally 

>= 80% 

Average length of 

participation 

Average duration of subject participation in 

completing the study 

>= 2 weeks 

Exercise data / 

measurement reliability 

% of total participants for which complete 

data is captured 

>= 80% 

Score on reliability, ease of 

usage, perceived value and 

usefulness  

Score collected on different aspects of the 

mechanism from patients and clinicians 

using qualitative questionnaire 

>= 80% for each 

aspect/feature 

 

The feasibility study was expected to recommend either of the following: 

1. The proposed exercise monitoring and patient engagement method is feasible and 

useful scientifically in its current form and benefits on recovery of motor functions 

should be further studied. 

2. The proposed mechanism is not reliable and relevant in its current form. It should be 

improved from the feedback obtained during the study. 

3. The proposed mechanism is neither reliable and clinically relevance. 

 

In case of feasibility with modification of existing mechanism, the outcome of the study would 

be list of recommended changes and a checklist to monitor key processes for success.  
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3.4 Data analysis and management 

3.4.1 Data Collection 

The exercise regime of the participant were monitored for cycle ergometry (workout on a 

stationary cycle exerciser – for upper / lower limb) and/or stepper exercise.  

Definition of terms used: 

• Exercise Session: A single continuous exercise session, without any break. 

• Exercise Break: Duration of inactivity between two active exercise sessions. 

• Workout: Collection of ‘exercise sessions’ with in-between exercise breaks. None of 

the break duration was over 5 minutes. An exercise session after a break of over 5 

minutes was treated to be part of another workout. 

 

Figure 7: Illustration of exercise information collected from each participant 
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The following data were collected: 

• Active Exercise Sessions: 

o Exercise count (number of cycles or number of steps) 

o Duration 

o Exercise speed statistics – average, minimum and maximum speed 

• Exercise Break: 

o Duration 

• Workout Session: 

o Number of breaks 

o Number of exercise sessions 

o Duration of workout 

o Total exercise count in workout 

o Exercise speed statistics – average, minimum and maximum speed 

 

3.4.2 Data Analysis Scheme 

Additional parameters were derived out of HR and SpO2 measures taken during each session – 

(i) Mean value of the session, (ii) Worst-case value – maximum HR or minimum SpO2, (iii) 

average change from resting value, (iv) worst change from resting value, and changes from 

resting value at (v) 5-minutes, (vi) 10-minutes, (vii) 15-minutes of exercise. The scheme for 

derivation additional parameters, each for HR and SpO2, is illustrated in the Figure 8. Similarly, 

exercise performance parameters were derived from the exercise data recorded during the 
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session. The list of exercise performance parameters included – (i) mean-speed deviation from 

target, (ii) Coefficient of variation (COV) of mean-speed deviation, (iii) absolute speed-

deviation, (iv) COV of absolute speed-deviation. Figure 9 describes the definition of these 

exercise performance parameters. 

 

 

Figure 8: Derivation of additional parameters from 4 measurements of HR and SpO2 each. 
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Figure 9: Definition of exercise performance parameters 

 

The analysis scheme of outcome variables for evaluation of the success of the study is described 

in Table 14.  



105 

 

Table 14: A summary of data analysis scheme for different hypothesis 

Hypothesis Outcome Measures Measurement Tools Analysis Scheme 

The proposed scheme of 

exercise monitoring to offer 

real-time feedback and video-

based engagement is safe, 

non-obtrusive and feasible 

Participants’ rating on: 

• Reliability of data 

• Ease of usage,   

• Perceived value / usefulness of 

the mechanism as rated by 

participants/clinicians 

Question 1 – 3 of Participant 

Questionnaire; 

 

Question 1 – 5 of 

Physiotherapists Questionnaire 

Analysis of the responses from 

questionnaire: 

• Qualitative list of differences between 

sessions (text) 

• % response to ‘experience score’ 

• % participants who perceive the 

mechanism as beneficial and reliable 

The proposed mechanism 

improves patient satisfaction 

from the exercise session and 

motivates them to adhere to 

prescribed exercise regime. 

 

• Score on perceived motivation 

and benefits by the patients, 

• Exercise compliance rate 

Question 4 and 5 of Participant 

Questionnaire;   

Exercise Recording Mechanism 

(for time / compliance) 

• % ‘Yes’ response to Patient 

Questionnaire (Q4, Q5) 

• Qualitative list of differences between 

sessions (Baseline vs 

Feedback/Engagement) 

The exercise ability of the 

participants would improve 

for exercise sessions with 

engagement and feedback, 

relative to baseline (without 

feedback or engagement) 

• Speed deviation from target 

(mean, std. variability) 

• Heart Rate (HR)  

• Blood Oxygen Level (SpO2) 

Exercise data recorded by the 

mechanism; 

Finger oximeter for HR and 

SpO2 

Analysis of variance (ANOVA) and 

means comparison among three groups of 

exercise regime:  

• No feedback & engagement, 

• Just feedback 

• With feedback and engagement 
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3.4.3 Acceptance of the mechanism 

The qualitative feedback from patients and clinicians on ease of usage, perceived benefit of the 

mechanism and reliability of data collected helped establishing ‘acceptance’ of the mechanism 

among patients and therapists: 

• List of differences between sessions with and without feedback/engagement 

• % of participants who preferred to exercise with monitoring and engagement 

mechanism in future 

• % of physiotherapists/clinicians who perceive this mechanism is beneficial, easy-to-

use and shows reliable data 

• Quantitative analysis of the score on Q2 (experience with the session with feedback) 

 

Figure 10: An example of scores for participants’ experience with exercise sessions with feedback or 

engagement intervention 
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3.4.4 Influence on Motivation 

Motivation level of the patients for the exercise when aided by the mechanism was estimated by 

responses to the questionnaire: 

• % of participants who perceived the mechanism to be beneficial (helps them with 

recovery) 

• % of participants who perceived the mechanism motivates them to exercise adherence 

 

3.4.5 Influence of feedback and engagement on exercise ability and 

performance 

Exercise ability could be represented by smaller values of exercise-induces changes in 

physiological parameters – i.e., changes in HR and SpO2 from resting value. Speed deviation 

and variability were used to evaluate exercise performance. We expected the exercise-induced 

changes in HR and SpO2 to be smaller with feedback or engagement, relative to baseline 

exercise session without any feedback or engagement. Likewise, we hypothesized that exercise 

performance to improve (i.e., speed deviation and variability to reduce) with the application of 

feedback or engagement during exercise. 

A two-way between-subject, repeated-values Analysis of Variance (ANOVA) was used to assess 

the effect of intervention type (baseline pedalling, pedalling with feedback, pedalling with 

engagement) and exercise speed (low and high) on SpO2, HR, workload and exercise parameters 

while pedalling at slow and fast speeds for stroke patients and healthy controls. Paired sample t-

test was used to compare the means across each group of readings, with level of significance set 

at p0.05. 
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Figure 11: Exercise count, speed, HR and SpO2 over a workout session 

 

3.4.6 Patient Assessment tools 

 

Functional Independence Measure (FIM) 

FIM instrument could be used to measure the severity of functional disability (motor function 

and cognition). FIM is a common tool to track the key rehabilitation outcome i.e., the functional 

ability changes in patients undergoing rehabilitation (Stineman et al. 1996; Ottenbacher et al. 

1996). It comprises of 18 items, each assessed against 7-point scale. Higher score represents 

more independent the patient is in performing the assessed task. The 18 assessment items are 
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divided in two groups – motor function (13) and Cognition (5) assessment. Total score from the 

FIM assessment on these 18 items ranges from 18 – 126. It takes about 30 minutes to score the 

scale for each patient. FIM form with explanation on assessment items and scale is available at:   

• http://ahsri.uow.edu.au/aroc/whatisfim/index.html and 

• http://www.strokecenter.org/professionals/stroke-diagnosis/stroke-assessment-scales-

overview/ 

 

Modified Rankin Scale (mRS)  

This scale was introduced by Dr John Rankin in 1957 and then modified to current form by Prof 

C Warlow’s group in late 1980s (J. L. Banks and Marotta 2007; J. P. Broderick et al. 2017). The 

mRS scale is used to measure the degree of disability or level of dependence in performing 

activities of daily living. The scale runs from 0 (no symptom of disability) to 6 (dead – no 

ability).  

Additional information is available in the paper – “Simple and reliable determination of the 

modified Rankin scale score in neurosurgical and neurological patients: The mRS-9Q” (Patel et 

al. 2012). 

 

National Institute of Health Stroke Scale (NIHSS) 

NIHSS is a tool for objectively quantifying the impairment cause by stroke. It comprises 11 

items, each can be assessed for specific ability score in the range 0 – 4. A score of ‘0’ 

corresponds to normal function for that specific ability assessment (Brott et al. 1989; Kwah and 

Diong 2014). Higher score indicates some level of impairment. Summation of individual score 

http://ahsri.uow.edu.au/aroc/whatisfim/index.html
http://www.strokecenter.org/professionals/stroke-diagnosis/stroke-assessment-scales-overview/
http://www.strokecenter.org/professionals/stroke-diagnosis/stroke-assessment-scales-overview/
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for 11 items (that ranges between 0 and 42) makes a NIHSS score for the patient. Stroke severity 

is then estimated as indicated by the NIHSS Score (Table 15). 

 

Table 15: Stroke severity and NIHSS scale (Adapted from Wikipedia) 

NIHSS Score Stroke Severity 

0 No Stroke Symptoms 

1-4 Minor Stroke 

5-15 Moderate Stroke 

16-20 Moderate to Severe Stroke 

21-42 Severe Stroke 

 

 

3.5 Discussion 

This study evaluated a custom exercise monitoring and video-based engagement mechanism for 

accuracy of exercise data captured and feasibility of data collection in clinical environment. The 

study also aimed at quantifying the influence of real-time exercise feedback and video-based 

engagement on physiological parameters and exercise performance in stroke patients. The 

observations of the study in a stroke cohort  compared with those obtained from healthy controls. 

Being a feasibility study with inception cohort, the success of the study created the opportunity  

for a larger, multi-center clinical trial to assess the application of feedback and engagement in 

stroke rehabilitation. This study showed  the potential for  technology-aided interventions that 

could  be  easily used in rehab therapy for engaging participants and motivating them for better 

exercise compliance. 



111 

 

Chapter 4: The use of feedback and video 

engagement in healthy individuals during 

pedalling 
 

 

4.1 Summary 

Audio-visual engagement and feedback during exercise therapy has been shown to improve 

satisfaction and adherence; however, little is known about the effect of active visual engagement 

on exercise performance during pedalling. The aim of this study was to employ a customised 

pedalling device to quantify the influence of exercise feedback and video engagement on 

exercise performance, heart rate (HR) and blood oxygen saturation (Sp02). Eighteen healthy 

subjects participated in 15-minutes duration sessions of pedalling while targeting a set low speed 

(60 rotations per minute) and high speed (100 rotations per minute), including pedalling with the 

provision of (i) target pedalling speed information only (ii) real-time visual feedback on exercise 

performance, including pedalling duration, pedalling speed, and speed deviation from target, and 

(iii) real-time engagement, which involved pedalling to control the playback speed of a video 

synchronised to the target speed. HR and SpO2 values were simultaneously recorded during 

testing. A significantly lower reduction in session-average Sp02 (mean difference = 0.463, 

p=0.004) and post-exercise Sp02 (mean difference = 0.611, p=0.007) was observed with video 

engagement during low- and high-speed pedalling, compared to baseline pedalling. Exercise 

performance feedback during pedalling resulted in significantly lower mean HR (mean 

difference = -6.295, p=0.047) relative to baseline during low-speed pedalling only, and no 
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significant change in Sp02 (p>0.05). Reduction in absolute pedalling-speed deviation from the 

target speed improved with video engagement and exercise performance feedback at both 

pedalling speeds (p<0.05). The findings suggest that real-time exercise performance feedback 

during pedalling may improve cardiovascular performance by lowering HR and improving 

oxygen uptake; however, active video-based engagement provides a more substantial 

improvement in cardiovascular performance, particularly during high speed pedalling. The 

results have implications for prescription of targeted exercise therapies and rehabilitation in 

neurological disorders using pedalling.   

4.2 Introduction 

Lower-limb pedalling is an activity used in sports training to improve aerobic capacity and 

cardiopulmonary function. It provides similar periodic muscle activation patterns to those during 

walking. Pedalling can be performed on a stationary exercise bicycle, and hence, represents a 

safe alternative to walking in subjects with postural instability and fall risk (D. C. Barbosa 2014; 

D. Barbosa et al. 2015; Potempa et al. 1995; S. I. Lin et al. 2012; Raasch and Zajac 1999; 

Mazzocchio et al. 2008). As a rehabilitation exercise, pedalling has also been shown to improve 

gait balance and motor performance in patients immediately following a stroke event (Kamps 

and Schüle 2005; Katz-Leurer et al. 2006); however, the repetitive nature of pedalling on a 

stationary exercise bicycle is associated with poor motivation, compliance and lack of perceived 

self-efficacy, which are key barriers in the use of pedalling as tool in exercise therapy (Simpson 

et al. 2011).  

Objective, real-time measurement of physical activity performance during exercise can increase 

exercise compliance and lead to improved cardiovascular performance (Joseph et al. 2018; Gill 

and Sullivan 2011; S. A. Billinger et al. 2014; Ortís et al. 2007). During pedalling, feedback on 
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exercise performance, such as cycling speed, speed variability, power, workload, distance and 

duration of the exercise, may be delivered in  haptic, auditory or visual form and has been shown 

in healthy subjects to increase exercise adherence and motivation (Kamps and Schüle 2005; S. I. 

Lin et al. 2012; D A Brown and Kautz 1999; Potempa et al. 1995; Kautz and Brown 1998; Holt 

et al. 2001; Katz-Leurer et al. 2006). In a study of healthy adults, visual feedback of the work 

done by each leg during pedalling lead to higher pedalling velocities and increased gait 

symmetry (Ferrante et al. 2011). In contrast, Sibley et al. (2008)  assessed the influence of visual 

feedback of muscle electromyography (EMG), cadence and work during pedalling, and observed 

no difference in performance between pedalling with and without visual feedback. While there 

has been demonstrated evidence of the role of feedback during pedalling on cardiovascular 

performance (Nowlan 2016; Stastny et al. 2018), the influence of exercise feedback data on 

physiological parameters associated with exercise performance, including blood oxygen 

saturation level (Sp02) and heart rate (HR), has not been quantified to date. 

The use of video and music as a dissociative attentional stimulus during exercise may lower 

perceived exertion, distract from the physical discomfort of exercise, and contribute to improved 

exercise adherence (Barwood et al. 2009; Hutchinson et al. 2015; J.-H. Lin and Lu 2013; Stanley 

et al. 2007; L. Jones et al. 2015; Monedero et al. 2015). Watching of videos during pedalling 

tasks has been shown to contribute to higher peak pedalling speeds for a given blood lactate level 

compared to pedalling without video interaction (Robergs et al. 1998). In a study of pedalling in 

women, MacRae et al. (2003) showed that video and music improved the speed and distance 

pedalled by women without aerobic fitness training (MacRae et al. 2003); however, no 

difference in perceived exertion (RPE) was reported pedalling with and without video interaction 

(Nethery 2002).  
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While extrinsic video feedback during pedalling may ultimately increase exercise motivation, 

compliance and performance, the effects of exercise performance feedback and video 

engagement on cardiovascular performance is not well understood. The aim of the present study 

was to develop a novel pedalling device that provides real-time exercise performance feedback, 

as well as video engagement, and use this to assess the influence of both exercise performance 

feedback and video engagement on pedalling performance and exercise physiology parameters 

including Sp02 and HR. We hypothesized that video-engagement and exercise parameter 

feedback during pedalling would reduce exercise-induced changes in Sp02 and HR (Section 

2.5.3 and 2.5.4).  

 

4.3 Materials and methods 

4.3.1 Subject recruitment 

Eighteen healthy individuals were recruited for testing (mean age: 27.7 years, range: 25 – 41 

years; mean weight: 61.6 kg, range: 40 – 86 kg; mean height: 165.3 cm, range: 151 – 182 cm, 

number of males: 8 i.e. 44.4% of sample group). The participants had no history of lower limb 

pain, dysfunction or previous lower-limb surgery. All were non-smokers and had varying level 

of physical activity in their lives (no activity: 2 participants, low/occasion: 5 participants, 

moderate: 9 participants, regular/daily: 2 participants). Ethical approval was obtained from the 

Western Health, Human Research Ethics Committee, and written, informed consent was 

obtained (Appendix A: Patient Information and Consent Form). 
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4.3.2 Testing protocol 

Each subject was seated at a custom-designed pedal apparatus that provided real-time exercise 

performance feedback and video engagement during pedalling. The pedalling apparatus 

comprised a seat, pedals, an exercise data recorder, and a computer with a display positioned at 

head-level (Figure 12). The seat and pedal crank position were adjusted to each subject’s lower 

limb lengths for optimal knee flexion and comfort. A magnet and hall-effect sensor positioned on 

the crank was used to measure pedalling speed and cadence using an open-source 

microcontroller board (Mega2560 from Arduino, Italy) (Figure 13). Exercise performance 

feedback was provided by transmitting cycle count, pedalling speed, duration, target speed, and 

deviation from target speed, in real-time to the PC using a custom exercise monitoring program 

(Visual Studio 2017, Microsoft, USA). The software program also facilitated real-time video 

engagement by displaying a video of the participant’s choice from a collection offered by the 

researchers (Figure 14). This required the participant to maintain a normal video playback rate 

by pedalling at the target speed. The video playback rate was synchronised to the target pedalling 

speed, and any increase or decrease from the target speed by more than 5 rotations per minute 

(RPM) caused the frame rate to increase and decrease, respectively. 
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Figure 12: Experimental setup used for pedalling trials. A custom-designed pedalling apparatus was 

developed and consisted of an instrumented crank, pedals, an electronic exercise data recorder to measure 

pedalling cadence, a custom software running on a computer, and a seat with adjustable height. 

 

 

 

Figure 13: Custom pedalling rig for exercise monitoring. A portable stationary bicycle was developed and 

fitted with sensors and open-source electronics to monitor pedalling exercise performance. 
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Figure 14: Screenshot of exercise monitoring software running on a computer. It offers feedback on 

exercise performance with the help of a ‘dashboard’ on the left half of the screen. The right-half of the 

screen has an integrated video/music player to provide engagement during exercise. 

A series of three random-allocated 15-minute sessions of pedalling were undertaken while 

targeting a set low speed (60 RPM) and high speed (100 RPM). The pedalling tasks were 

performed with the provision of (i) pedalling speed information only, provided only in the first 

20 seconds of each trial (ii) real-time visual feedback of continuous exercise performance, 

including pedalling duration, pedalling speed, and speed deviation from target, and (iii) real-time 

engagement, which involved pedalling to control the playback speed of an audio-visual video 

(film) synchronised to the target speed. During testing, a finger pulse oximeter (PPG sensor 

CMS50N from ContecMed) was used to record heart rate in beats per minute (BPM) and 

percentage blood oxygen saturation level (SpO2) at the beginning of each task, and every 5 

minutes during a 30-second interval in which pedalling ceased.   

Pedalling speed was recorded during each trail, as well as the mean-speed deviation from target, 

defined by the difference between the target speed and the mean pedalling speed of the session. 
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Absolute speed deviation was evaluated and defined as the absolute difference between 

individual cycle speed and target speed. Mean HR and SpO2 was computed across each 15-

minute trial, as well as their maximum, minimum, average change from resting value (measured 

prior to trail commencement), largest change from resting value, and change from resting value 

at 5 minutes, 10 minutes and 15 minutes. Differences at in HR and Sp02 measured between each 

rest period were also calculated.  

4.3.3 Data analysis 

A two-way repeated-values Analysis of Variance (ANOVA) was used to assess the effect of 

intervention type (baseline pedalling, pedalling with feedback, pedalling with engagement) on 

SpO2, HR and exercise parameters while pedalling at slow and fast speeds. The dependent 

variables were session mean SpO2, session minimum SpO2, average reduction in SpO2 relative 

to resting-level, minimum reduction in SpO2 relative to resting-level, reduction in SpO2 at 5-

minute relative to resting-level, reduction in SpO2 at 10-minutes relative to resting-level, and 

reduction in SpO2 at 15-minute relative to resting-level, session mean HR, session maximum 

HR, average increase in HR relative to resting-level, maximum increase in HR relative to 

resting-level, increase in HR at 5-minute relative to resting-level, increase in HR at 10-minutes 

relative to resting-level, and increase in HR at 15-minute relative to resting. The exercise 

parameters that were included as dependent variables were mean-speed deviation, Coefficient of 

Variation (COV) in mean-speed, absolute speed deviation and COV absolute speed deviation. 

Analysis of variance was also used to assess interactions between the independent variables. 

Levene’s test for homogeneity of variances was performed, and a test for data normality was 

undertaken. Post-hoc tests were undertaken using paired t-tests and Games-Howell tests for 
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groups with un-equal variances. COV and standard deviation were computed and used as a 

measure of the dispersion of data. Level of significance was defined at p0.05. 

4.4 Results 

Intervention type during pedalling (exercise performance feedback and video engagement) had a 

statistically significant effect on SpO2 (p<0.05); however, there was no significant interaction 

between intervention type and pedalling speed (p>0.05) (Table 16). While exercise performance 

feedback did not have a significant effect on SpO2 (p>0.05), video engagement resulted in a 

significantly smaller reduction in Sp02 relative to that during baseline after 15-minutes of 

pedalling at low-speed (mean difference = 0.5%, p=0.015) and high-speed (mean difference = 

0.611%, p=0.007) (Table 17). During pedalling at high-speed, video engagement also resulted in 

a significant increase in mean Sp02 (mean difference = 0.296%, p=0.035) and a reduction in 

average-drop in SpO2 relative to that during baseline pedalling (mean reduction: 0.463%, 

p=0.004).  

Intervention type during pedalling significantly affected mean HR (p=0.010), maximum HR 

(p=0.032), and HR increase after 15-minutes of exercise (p=0.045). Exercise performance 

feedback during low-speed pedalling resulted in a significant reduction in mean HR relative to 

that during baseline pedalling (mean difference = -6.295 BPM, p=0.047); however, during high-

speed pedalling, there were no significant effects of feedback on HR (p>0.05) (Table 17). For 

high speed pedalling, mean HR was significantly lower with video engagement compared to that 

with exercise performance feedback (mean difference = -7.575 BPM, p=0.018), as was the 

maximum HR (mean difference = -7.111 BPM, p=0.029). Similarly, a significant reduction in 

HR increase at 15-minutes was observed with video engagement relative to baseline pedalling at 

low-speed (mean difference = -8.222 BPM, p=0.050). 
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Table 16: Results of two-way analysis of variance (ANOVA) for SpO2 and HR parameters during pedalling at low and high speeds. The 

dependent variables were blood oxygen saturation level (SpO2), as a percentage of haemoglobin in the blood that are oxygen saturated) and heart 

rate (HR) in beats per minute. The independent variables were intervention type (baseline pedalling, pedalling with feedback, and pedalling with 

engagement). Mean and standard deviation are given, as well as significant differences in intervention type (Int), pedalling speed (Sp) and their 

interactions (Int*Sp) are given. One asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate p≤0.001. 

 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Int. Sp. Int. * Sp.

98.35 0.69 98.33 0.73 98.35 0.67 97.91 0.76 98.22 0.78 98.20 0.60 0.3258 0.0455 * 0.2000

98.17 0.79 98.00 0.97 98.00 0.84 97.56 0.92 97.89 1.08 97.83 0.79 0.8780 0.0453 * 0.2008

-0.37 0.46 0.00 0.76 -0.04 0.87 -0.54 0.60 -0.44 0.67 -0.07 0.61 0.0319 * 0.1655 0.3349

-0.56 0.62 -0.33 0.91 -0.39 0.98 -0.89 0.83 -0.78 0.94 -0.44 0.78 0.2901 0.1355 0.5351

-0.33 0.69 0.11 0.83 0.06 0.87 -0.39 0.50 -0.33 0.69 -0.06 0.80 0.1156 0.1794 0.5445

-0.33 0.49 0.00 0.84 -0.22 1.11 -0.50 0.79 -0.50 0.92 -0.06 0.54 0.2767 0.3251 0.1876

-0.44 0.51 -0.11 0.90 0.06 0.87 -0.72 0.89 -0.50 0.71 -0.11 0.90 0.0049 ** 0.1720 0.7618

92.30 16.73 86.00 12.80 86.52 16.27 97.15 13.48 98.63 17.79 91.06 15.59 0.0096 ** 0.0019 ** 0.1844

95.78 17.95 90.61 14.56 89.89 17.04 101.94 14.42 102.78 18.38 95.67 17.44 0.0319 * 0.0011 ** 0.4142

7.18 8.38 5.83 7.44 1.57 10.19 14.65 9.36 15.46 7.61 10.50 8.20 0.0569 0.0000 *** 0.8844

10.67 9.16 10.44 9.31 4.94 10.32 19.44 10.77 19.61 8.86 15.11 9.25 0.0599 0.0000 *** 0.9597

5.44 8.77 2.56 6.76 2.11 8.64 11.89 9.40 13.28 10.06 8.17 8.33 0.2140 0.0000 *** 0.5662

7.94 8.34 5.61 8.85 1.50 10.92 15.50 9.12 16.44 8.03 11.50 8.54 0.0585 0.0000 *** 0.7723

8.17 9.68 9.33 9.81 1.11 12.23 16.56 12.34 16.67 9.10 11.83 10.53 0.0447 * 0.0001 *** 0.7976Change after 15-minutes

Session Maximum

Average Change

Minimum Change

Change after 5-minutes 

Change after 10-minutes

Session Mean

Session Minimum

Average Change

Minimum Change

Baseline Feedback Engagement p values

Change after 5-minutes 

SpO2

HR

Change after 10-minutes

Change after 15-minutes

Session Mean

Low-speed Pedaling (60 RPM) High-speed Pedaling (100 RPM)

Baseline Feedback Engagement
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Table 17: Comparison of means for SpO2, HR and exercise parameters during pedalling at low and high speeds. The means are compared between 

intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement) in pairs at both the pedalling speeds. Mean 

difference and their significance (p value) are given. One asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate 

p≤0.001. See Table 1 caption for acronym definitions and units. 

 

Mean Diff. Mean Diff. Mean Diff. Mean Diff. Mean Diff. Mean Diff.

-0.018 0.892 0.000 1.000 0.018 0.914 0.315 0.063 0.296 0.035 * -0.019 0.918

-0.167 0.483 -0.167 0.331 0.000 1.000 0.333 0.111 0.278 0.236 -0.056 0.834

0.371 0.078 0.333 0.126 -0.037 0.880 0.093 0.613 0.463 0.004 ** 0.370 0.109

0.222 0.409 0.167 0.483 -0.056 0.848 0.111 0.668 0.444 0.057 0.333 0.286

0.444 0.104 0.389 0.202 -0.056 0.834 0.056 0.805 0.333 0.138 0.278 0.331

0.333 0.138 0.111 0.651 -0.222 0.495 0.000 1.000 0.444 0.136 0.444 0.201

0.333 0.138 0.500 0.015 * 0.167 0.483 0.222 0.331 0.611 0.007 ** 0.389 0.130

-6.295 0.047 * -5.778 0.072 0.517 0.851 1.483 0.646 -6.092 0.097 -7.575 0.018 *

-5.167 0.173 -5.889 0.103 -0.722 0.815 0.833 0.818 -6.278 0.144 -7.111 0.029 *

-1.351 0.622 -5.612 0.129 -4.261 0.184 0.816 0.817 -4.148 0.180 -4.964 0.111

-0.222 0.946 -5.722 0.119 -5.500 0.130 0.167 0.966 -4.333 0.249 -4.500 0.129

-2.889 0.289 -3.333 0.342 -0.444 0.850 1.389 0.729 -3.722 0.217 -5.111 0.168

-2.333 0.460 -6.444 0.101 -4.111 0.274 0.944 0.777 -4.000 0.207 -4.944 0.099

1.167 0.725 -7.056 0.085 -8.222 0.050 * 0.111 0.979 -4.722 0.241 -4.833 0.168

-2.250 0.338 -3.026 0.130 -0.776 0.500 0.739 0.607 -0.102 0.939 -0.841 0.471

-0.441 0.166 -0.558 0.083 -0.117 0.687 -0.986 0.037 * -0.860 0.034 * 0.127 0.582

-2.996 0.028 * -3.389 0.010 ** -0.393 0.723 -3.085 0.002 ** -2.187 0.007 ** 0.898 0.383

-0.595 0.029 * -0.821 0.001 ** -0.226 0.346 -0.598 0.033 * -0.668 0.004 ** -0.069 0.644

Exercise 

Parameter

Mean-speed Deviation

COV (Mean-speed)

Absolute Deviation

COV (Absolute Deviation)

HR

Session Mean

Session Maximum

Average Change

Minimum Change

Change after 5-minutes 

Change after 10-minutes

Change after 15-minutes

SpO2

Session Mean

Session Minimum

Average Change

Minimum Change

Change after 5-minutes 

Change after 10-minutes

Change after 15-minutes

p value p value p value p value p value p value

Low-speed Pedaling (60 RPM) High-speed Pedaling (100 RPM)

Feedback vs Baseline Engagement vs Baseline Engagement vs Feedback Feedback vs Baseline Engagement vs Baseline Engagement vs Feedback
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Table 18: Results of two-way analysis of variance (ANOVA) for exercise parameters during pedalling at low and high speeds. The dependent 

variables were mean-speed and absolute deviation from target speed (in cycles per minute), and their coefficients of variation (%). The 

independent variables were intervention type (baseline pedalling, pedalling with feedback, and pedalling with engagement). Mean and standard 

deviation are given, as well as significant differences in intervention type (Int), pedalling speed (Sp) and their interactions (Int*Sp) are given. One 

asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate p≤0.001. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Int Sp Int * Sp

3.352 6.113 1.102 2.531 0.326 1.392 -0.911 6.381 -0.172 3.217 -1.013 5.788 0.187 0.032 * 0.149

6.033 1.436 5.592 1.136 5.475 1.290 4.815 1.809 3.829 0.991 3.956 1.065 0.005 ** 0.000 *** 0.502

6.119 4.145 3.122 1.951 2.730 0.908 6.776 3.343 3.691 1.955 4.589 4.627 0.000 *** 0.230 0.539

4.538 0.873 3.943 0.979 3.717 0.887 3.420 0.930 2.821 0.848 2.752 0.605 0.000 *** 0.000 *** 0.845

p - values

Mean-Speed Deviation

COV (Mean-Speed)

Absoute Deviation

COV (Absolute Deviation)

Low speed High speed

Baseline Feedback Engagement Baseline Feedback Engagement
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Pedalling speed significantly affected the absolute-speed deviation COV (p<0.001), mean-

pedalling-speed deviation (p=0.032) and COV (p<0.001), while intervention type had a 

significant influence on mean-pedalling-speed COV (p=0.005), absolute pedalling-speed 

deviation, and COV (p<0.001) (Table 18). There was no significant interaction between 

intervention type and pedalling speed during any of the trials (p>0.05). Reduction in the absolute 

pedalling-speed deviation and its COV with exercise performance feedback or video engagement 

intervention relative to baseline was dependent on pedalling speed. For example, exercise 

performance feedback significantly reduced the absolute pedalling-speed deviation relative to 

baseline during low-speed pedalling (mean difference = -2.996 cpm, p=0.027) (Table 17). A 

significant reduction in absolute pedalling-speed deviation was also observed during high-speed 

pedalling with exercise feedback relative to baseline (mean difference = -3.085 cpm, p=0.002). 

Similarly, a significant reduction in absolute-speed deviation was observed with video 

engagement relative to baseline, during low-speed (mean difference = -3.389 cpm, p=0.008) as 

well as during high-speed pedalling (mean difference = -2.187 cpm, p=0.007).  

The COV of the absolute-deviation in pedalling speed during low-speed pedalling was 

significantly smaller with the provision of exercise performance feedback (mean difference = -

0.595%, p=0.029) and video engagement (mean difference = -0.821%, p=0.001) relative to 

baseline pedalling. A similar trend was also observed during high-speed pedalling. The COV of 

the absolute-deviation in pedalling speed during low-speed pedalling was significantly smaller 

with exercise performance feedback (mean difference = -0.598%, p=0.033) and video 

engagement (mean difference = -0.668%, p=0.004) relative to that during baseline pedalling. 

Significant improvements in mean-speed COV relative to baseline were observed with feedback 
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(mean difference = -0.986%, p=0.037) and engagement (mean difference = -0.860%, p=0.034), 

but only during high-speed pedalling. 

 

4.5 Discussion 

Pedalling using a stationary exercise bicycle is a popular activity in sports and recreation, and 

has been used in rehabilitation therapy for individuals affected by neuromusculoskeletal 

impairment (D. C. Barbosa 2014; D. Barbosa et al. 2015; Potempa et al. 1995). While real-time 

feedback on pedalling performance has been shown to improve self-efficacy and exercise 

compliance (Kamps and Schüle 2005; Katz-Leurer et al. 2006), the effect of visual feedback and 

video engagement on exercise performance and physiology during pedalling has not been 

investigated to date. The aims of the present study were to to employ a customised pedalling 

device to evaluate the influence of real-time exercise performance feedback and video 

engagement on cardiovascular performance, including HR and blood oxygen saturation (Sp02). 

Because studies have shown the dissociative influence of external audio-visual stimuli in 

reducing exercise-induced physiological change and improving exercise performance (Lind et al. 

2009; Lind 2009; Stastny et al. 2018), we hypothesized that video-engagement and exercise 

feedback during pedalling would yield smaller deviation in pedalling speed from target and 

would reduce exercise-induced changes in Sp02 and HR. We found that pedalling performance, 

including absolute-deviation in pedalling speed from a specified target speed, as well as cadence 

variability, improved significantly during pedalling with exercise performance feedback and 

video engagement when compared to baseline pedalling without feedback. A smaller increase in 

HR and reduction in SpO2 with pedalling over 15-minutes session was also observed during 

pedalling with feedback and engagement, compared to baseline pedalling. 



125 

 

Muscle contractions during pedalling are associated with muscle reflexes, which provide neural 

feedback to the hypothalamus (Kaufman and Forster 1996; Waldrop et al. 2011). During 

exercise, the hypothalamus receives sensory cues from the internal environment of the body to 

regulate physiological functions including HR, respiration rate and blood pressure (Jeffery M. 

Kramer et al. 2000; Schumacher 2014). To meet the increased oxygen demand in muscles during 

exercise, respiration rate increases as the heart pumps oxygenated blood at a faster rate, which is 

manifested by increase in HR (Turner 1991; J M Kramer and Waldrop 1998). The present study 

demonstrated a significantly smaller increase in HR from resting level when pedalling with our 

video engagement model, relative to that during baseline pedalling. Furthermore, pedalling with 

video engagement was more effective at reducing increases in HR than with exercise 

performance feedback during low- and high-speed pedalling. Video engagement may have a role 

in mitigating activation of homeostatic function of the hypothalamus, ultimately reducing 

physiological responses to increased demands on the body, including increases in HR (Franks 

and Myers 1984; Nowlan 2016). Parallel-processing model (Rejeski 1985) considers the 

perception of exertion or physical stress as an active process involving preconscious elaboration 

of sensory cues and identification of ‘perceptions’ and ‘focal awareness’. The capacity of the 

channels that bring a perception to focal awareness is limited and can be restricted through 

dissociative strategies to cope with the exercise fatigue. Through external distraction or 

dissociation using audio-video stimuli, the processing of internal sensation can be restricted in 

individuals (Pennebaker and Lightner 1980). In our study, it is plausible that audio-visual stimuli 

and engagement provided a physiological dissociation from the physical demands of pedalling, 

affecting HR and Sp02 (Section 2.4.1). This finding is in agreement with Mestre  et al (2010), 

who found virtual reality videos of cycling track and progress indication added more enjoyment 
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to pedalling tasks, while reducing the RPE and rises in HR (Mestre et al. 2010). Ultimately, 

video engagement may be a useful tool for enhanced pedalling output performance, increasing 

motivation and improving compliance in targeted physical rehabilitation programs. 

The results of the present study demonstrated significantly smaller increases in HR from rest 

when pedalling with exercise performance feedback, relative to those during baseline pedalling. 

Exercise performance feedback, like video engagement, may shift the focus from pedalling-

induced physiological stress resulting in smaller HR changes; however, the finding of smaller 

increases in HR during pedalling with visual feedback was only observed during low-speed 

pedalling. When pedalling at high speed, the physiological demands of the body may dominate 

the potential influence of visual distraction on hypothalamus function, resulting in similar 

increases in HR with or without the visual feedback.  

In addition to improved cardiovascular performance during pedalling, both exercise performance 

feedback and video engagement reduced overall speed variability (COV), irrespective of the 

target speed. Similar findings have been documented in virtual reality studies, with immersive 

artificial environments facilitating more constant pedalling speed, as well as increased work 

output and time trial performance (Nowlan 2016; Monedero et al. 2015; Mestre et al. 2010). 

Visual feedback during pedalling in stroke patients has also been shown to increase pedalling 

cadence (S. I. Lin et al. 2012). Other studies integrating visual feedback and audio-visual stimuli 

to increase engagement during pedalling have documented improvements in pedalling 

performance (MacRae et al. 2003; Marsh et al. 2013). These investigations, together with the 

results of the present study, suggest that music and video create a dissociation from the physical 

discomfort and fatigue associated with pedalling, resulting in the ability to produce higher 
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intensity pedalling performance, or improvement in cardiovascular performance relative to 

pedalling without the stimulus.  

There are limitations of this study that ought to be considered. A limited set of videos were 

provided to participants during video feedback trials, and personal preferences as well as level of 

enjoyment of the video, may have been a confounding factor in the engagement level (Marcelo 

Bigliassi et al. 2016); however, we provided a specific selection of video clips to assist in 

standardising the testing protocol. The duration of the pedalling exercise may not have been 

sufficiently long to yield larger changes in oxygen saturation level in blood (SpO2) as measured 

by PPG sensor; however, the 15-minute task duration was sufficient to yield statistically 

significant changes in HR. Finally, there are other physiological parameters that were not 

considered in this study, including blood pressure, blood lactate levels and aerobic capacity in 

terms of oxygen volume (VO2); however, HR and Sp02 are frequently used measures of 

physical exertion and cardiovascular performance (Pichot et al. 2000; Basset and Boulay 2003; 

Coast and Welch 1985; Swain et al. 1998). 

This study demonstrates that real-time visual feedback of exercise performance as well as video 

engagement helps to improve targeted speed pedalling performance by reducing pedalling speed 

variability. Real-time exercise performance feedback during pedalling may improve 

cardiovascular performance by lowering HR and improving oxygen uptake; however, active 

video-based engagement provides a more substantial improvement in cardiovascular 

performance, particularly during high speed pedalling. The findings may be useful in 

prescription of pedalling exercises for rehabilitation, and in improving exercise compliance.  
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Chapter 5: The influence of real-time 

exercise feedback and video-based 

engagement on exercise performance 

during pedalling in stroke patients 
 

 

5.1 Summary 

Stroke is the leading cause of physical disability worldwide. Stroke survivors suffering from 

neuromuscular impairment are often prescribed cycling as a therapy to improve motor 

performance during gait. Adherence to post-stroke rehabilitation programs remains poor due to 

the repetitive and boring nature of exercise, lack of motivation, and access to resources 

especially at home-based settings. The provision of speed feedback and audio-visual engagement 

during exercise therapies has been shown to improve exercise compliance and performance in 

healthy individuals; however, the influence of real-time video-based engagement on physiology 

and exercise performance during pedalling is not well understood in stroke patients. The aim of 

this study was to – (i) assess the safety and feasibility of real-time exercise monitoring, and (ii) 

quantify the influence of exercise feedback and video-based engagement on pedalling 

performance, heart rate (HR), blood oxygen saturation (Sp02) and workload (% HR reserve) in 

stroke patients with mild-to-moderate lower limb disability, and to compare the results with 

those of healthy participants. Eighteen healthy subjects and thirteen stroke patients participated 

in pedalling sessions of 15-minutes duration targeting a set low speed (60 rotations per minute) 

and high speed (100 rotations per minute) with the provision of (i) target pedalling speed 
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information only (ii) real-time visual feedback on exercise performance, including pedalling 

duration, pedalling speed, and speed deviation from target, and (iii) real-time engagement, which 

involved pedalling to control the playback speed of a video synchronised to the target speed. 

SpO2, HR and workload were simultaneously recorded. The subjects’ experience with feedback 

and engagement during pedalling, and their preferences for this as a future rehabilitation 

strategy, were evaluated using a survey following testing. Stroke patients exhibited a 

significantly smaller absolute deviation from the low speed target when pedalling with video 

feedback and engagement compared to baseline pedalling (p<0.05). Deviation from low- and 

high-speed targets were significantly reduced with video feedback and engagement in the healthy 

controls (p<0.05). While video engagement significantly reduced HR, post-exercise SpO2 and 

workload during pedalling for the controls, it had no significant effect on HR, Sp02 and 

workload for the stroke patients. The participant’s response to the survey suggests that video 

engagement during exercise was enjoyable and would motivate them to comply with exercise 

prescription during rehabilitation. This study demonstrated that video-based feedback and 

engagement has the potential to improve exercise performance in stroke patients, and improve 

exercise performance and cardiovascular output in healthy controls. The results have 

implications for prescription of targeted pedalling-exercise therapies and poststroke 

rehabilitation.  

 

5.2 Introduction 

According to global burden of disease report, stroke is a leading cause of disability and the 

second-leading global cause of death behind heart disease, accounting for 11.13% of total deaths 

worldwide (Hung et al. 2016; Donoso Brown et al. 2014; Vanroy 2017; S. A. Billinger et al. 
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2014; Go et al. 2017; Gordon 2004; Feigin et al. 2016; Katan and Luft 2018). Stroke is 

Australia’s second biggest killer after coronary heart disease and a leading cause of disability 

(Deloitte Access Economics 2013; Kim et al. 2017). According to estimates from the National 

Stroke Foundation in 2014, about 60,000 Australians would suffer a new or recurrent stroke – 

that is one stroke every 10 minutes (New Zeland Ministry of Health 2010). For most stroke 

survivors, the long term effect is impairment and disability (Brewer et al. 2013). About 50% of 

them would have reduced mobility due to paralysis in the lower limb (Katan and Luft 2018). The 

most common long-term problems associated with lower-limb disability, as reported by the 

stroke survivors, include mobility (58%) and falls (44%) (Saunders et al. 2014). 

Stroke survivors suffering from physical disability in the lower-limbs are often prescribed 

cycling exercises for restoration of locomotion and improvement in aerobic capacity (David A 

Brown et al. 2005; Tang et al. 2009). The kinematic pattern of leg pedalling is similar to 

functional ambulation training or walking: both tasks are cyclic, and require reciprocal extension 

and flexion movement of hip, knee and ankle in coordination. Since pedalling can be performed 

while seated, it is considered as a safe alternative to walking in subjects with postural instability 

and fall risk (D. C. Barbosa 2014; D. Barbosa et al. 2015; Potempa et al. 1995; S. I. Lin et al. 

2012; Raasch and Zajac 1999; Mazzocchio et al. 2008). Pedalling on stationary cycle may help 

patients focus on resolving locomotor impairment in their lower-limp by excluding the postural 

risk and need for balance or weight bearing on lower limbs (David A Brown et al. 2005).  

Studies indicate pedalling, as post-stroke rehabilitation exercise, can be used for muscle re-

education (Fujiwara et al. 2003) and has the potential to improve gait balance and motor 

performance in patients (Kamps and Schüle 2005; Katz-Leurer et al. 2006); however, the 

repetitive nature of pedalling on a stationary exercise bicycle, especially when performed in the 
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absence of a therapist, is associated with poor motivation, compliance and lack of perceived self-

efficacy, which are key barriers in the use of pedalling as tool in exercise therapy (Simpson et al. 

2011). Unfortunately, research shows that only one third of stroke patients actually perform 

recommended exercises at home, because of the repetitive and mundane nature of conventional 

rehabilitation exercises. Thus, to motivate stroke survivors to engage in monotonous 

rehabilitation is the need of the hour. 

Feedback during exercise-based rehabilitation is thought to improve exercise compliance through 

better self-efficacy and outcome expectations (Shaughnessy and Resnick 2009; Joseph et al. 

2018). The ability to track physical activity through real-time feedback gives patients the 

confidence to self-manage their rehabilitation program and motivation for adherence (S. A. 

Billinger et al. 2014). Even a sense of perceived benefit can motivate a patient for taking up 

exercise (Gill and Sullivan 2011; Ortís et al. 2007). Detailed feedback on exercise has the 

potential for users to compare their current performance against goals, and track their 

improvements (Greeff et al. 2013). Many studies have reported the benefits of the feedback, for 

example, a significant increase in the walking speed was observed with daily feedback, relative 

to no-feedback group, in stroke patients (Dobkin et al. 2010). Dorsch and team, who studied the 

influence of feedback on walking speed in stroke survivors from in-patient rehabilitation, 

reported an improved efficacy of walking activity with feedback (Dorsch et al. 2015); however, 

they did not observe any significant difference between the two types of feedback – verbal, and 

augmented feedback on walking speed. Feedback on pedalling tasks during rehabilitation have 

also been reported to show a positive functional outcome. A real-time visual feedback on the 

work done by each leg during pedalling resulted in increased pedalling speed and improved gait 

symmetry in healthy subjects (Ferrante et al. 2011). Other studies have shown an increase in 
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exercise adherence and motivation through feedback on exercise performance such as cycling 

speed, power, workload, distance covered and duration of the exercise (Kamps and Schüle 2005; 

S. I. Lin et al. 2012; D A Brown and Kautz 1999; Potempa et al. 1995; Kautz and Brown 1998; 

Holt et al. 2001; Katz-Leurer et al. 2006). 

Listening to music and watching a video during exercise has been shown to act as a distraction 

from the physical discomfort of exercise and offer an engaging exercise experience (Barwood et 

al. 2009; Hutchinson et al. 2015; J.-H. Lin and Lu 2013). The use of video and music as a 

dissociative attentional stimulus during exercise may lower perceived exertion and lead to 

improved exercise adherence and performance (Stanley et al. 2007; L. Jones et al. 2015; 

Monedero et al. 2015; Rejeski 1985) (Section 2.4.1). Pedalling sessions with video engagement 

have been shown to contribute to higher peak pedalling speeds for a given blood lactate level 

compared to pedalling without video interaction (Robergs et al. 1998). In a study of pedalling in 

women, MacRae et al. (2003) showed that video and music improved the speed and distance 

pedalled by women without aerobic fitness training (MacRae et al. 2003); however, no 

difference in perceived exertion (RPE) was reported pedalling with and without video interaction 

(Nethery 2002). While there has been demonstrated evidence of the role of feedback and video 

engagement during pedalling on cardiovascular performance (Nowlan 2016; Stastny et al. 2018), 

the influence of exercise feedback data on physiological parameters associated with exercise 

performance, including blood oxygen saturation level (Sp02) and heart rate (HR), has not been 

quantified to date. 

Stroke survivors with physical disabilities are characterised with lower ventilatory threshold, 

poor muscle strength, cognitive impairment and attention (Srikanth et al. 2003; Nys et al. 2005; 

Levine et al. 2015). Pedalling workload, generally targeted for healthy individuals, may appear 
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as significant exercise workload for a stroke patient with even a mild functional impairment in 

lower limb (F. M. M. Ivey et al. 2005). The cognitive impairment and attention deficit, which 

have been reported to limit the rehabilitation benefits (Mysiw et al. 1989; Rose et al. 1994; 

Galski et al. 1993), may pose a challenge to the stroke survivors from leveraging the positive 

effects of video-based feedback and engagement during exercise. At present, the level of 

influence the exercise feedback and video-based engagement during pedalling may have in 

stroke patients remained unexplored till date. The aim of the present study was to develop a 

novel pedalling device that provides real-time exercise performance feedback, as well as video 

engagement, and to use this device to evaluate the influence of both exercise performance 

feedback and video engagement on pedalling performance and exercise physiology parameters 

(Sp02 and HR) in stroke patients and healthy controls. We hypothesized that video-engagement 

and exercise parameter feedback during pedalling would be enjoyable for the stroke patients and 

would reduce their exercise-induced changes in Sp02 and HR. 

 

5.3 Materials and methods 

5.3.1 Subject recruitment 

A convenient sample of  thirteen stroke patients with mild – moderate disability in the lower 

limb were recruited for testing (mean age: 64.0 years, range: 25 – 78 years; mean weight: 77.5 

kg, range: 53 – 127 kg; mean height: 167.9 cm, range: 150 – 177 cm, number of males: 10 

[76.9% of sample group]) from the routine outpatient for the stroke cases at Western Health. 

Participants had no history of lower limb pain, dysfunction or previous lower-limb surgery, and 

had varying level of physical exercise programs in their lives prior to the stroke event (no 

exercise/activity: 2 participants, low/occasion: 3 participants, moderate: 3 participants, 
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regular/daily: 5 participants) (Figure 15). The cognition function was assessed by clinical fellow 

/ stroke physicians from Western Health based on medical records and their ability to: 

• Understand the nature and purpose of the study 

• Understand the risk and benefits of the study 

• Understand their right to participate and withdraw 

• Provide informed consent to participate in the study 

 

 

 

Figure 15: Physical activity levels in study participants prior to testing.  

 

The controls group comprised of 18 participants recruited from the University of Melbourne 

campus (mean age: 27.7 years, range: 25 – 41 years; mean weight: 61.6 kg, range: 40 – 86 kg; 

mean height: 165.3 cm, range: 151 – 182 cm, number of males: 8 [44.4% of sample group]). The 

same group of individuals that were recruited for the earlier study formed the control group 

(Subject recruitment 4.3.1). The controls also had varying levels of physical activity. Project 

approval was obtained from Western Health, Human Research Ethics Committee 
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(HREC/16/WH/31, Project No.: HREC 2015.308). All participants provided written informed 

consent in accordance with the Declaration of Helsinki (Appendix A: Patient Information and 

Consent Form). 

5.3.2 Testing protocol 

A custom-designed stationary pedalling apparatus was developed to provide real-time feedback 

on pedalling performance and video engagement during pedalling. The apparatus included an 

adjustable seat, pedals, an exercise data recorder, and a computer with a display positioned at 

head level (detailed description at Section 4.3.2: Testing protocol).  

Before the start of the study, the seat and pedal crank position were adjusted for optimal knee 

flexion and participants’ comfort based on the length of their low limbs. Pedalling speed and 

cadence were measured, with the data obtained from magnet and hall-effect sensor mounted on 

the crank, using an open-source microcontroller board (Mega2560 from Arduino, Italy). 

Pedalling data from the microcontroller was wirelessly transmitted to a PC running a custom 

exercise monitoring program (Visual Studio 2017, Microsoft, USA), which provided the real-

time pedalling performance feedback to the participants on cycle count, pedalling speed and 

duration, target speed, and deviation from target speed. The PC software also had an integrated 

audio-video player that facilitated real-time video engagement by displaying a video of the 

participant’s choice from a collection offered by the researchers. The video playback rate was 

synchronised to the target pedalling speed, and to maintain a normal video playback rate the 

participants were required to pedal at the target speed. Any increase or decrease in cadence from 

the target speed by more than 5 rotations per minute (RPM) resulted in the video playback 

moving in fast-forward or slow-motion, respectively. 
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Each participant undertook six, randomly-allocated 15-minute sessions of pedalling targeting a 

set low (60 RPM) and high (100 RPM) pedalling speeds and with the provision of (i) pedalling 

speed information only, provided only in the first 20 seconds of each trial (ii) real-time visual 

feedback of continuous exercise performance, including pedalling duration, pedalling speed, and 

speed deviation from target, and (iii) real-time engagement, which involved pedalling to control 

the playback speed of an audio-visual video (film) synchronised to the target speed (Figure 16). 

Heart rate in beats per minute (BPM) and percentage blood oxygen saturation level (SpO2) were 

recorded for each participant using a finger pulse oximeter (PPG sensor CMS50N from 

ContecMed), at the beginning of each task, and every 5 minutes during a 30-second interval in 

which pedalling ceased.  

 

Figure 16: Exercise conditions during pedalling – (a) Control or baseline: pedalling without any feedback 

or video-based engagement, (b) Feedback: pedalling with real-time exercise performance feedback using  

exercise dashboard, and (c) Engagement: watching a video and receiving feedback while pedalling. 

 



138 

 

Using an exercise data recorder hardware, pedalling speed was recorded during each bout, as 

well as the mean-speed deviation from target, defined by the difference between the target speed 

and the mean pedalling speed of the session. In addition, absolute speed deviation was evaluated 

and defined as the absolute difference between individual cycle speed and target speed. 

Physiological parameters were computed across each 15-minute trial which included mean HR 

and SpO2, as well as their maximum, minimum, average change from resting value (measured 

prior to trail commencement), largest change from resting value, and change from resting value 

at 5 minutes, 10 minutes and 15 minutes. Differences at in HR and Sp02 measured between each 

rest period were also calculated.  

After the study, the participants were asked to share their experience with feedback, and video-

based engagement during pedalling exercise. All the participants were handed over a survey 

questionnaire (Appendix B: Survey Questionnaire) after they completed six sessions of pedalling 

seeking their input on – (i) perceived difference between baseline pedalling and pedalling with 

visual feedback, and video-based engagement; (ii) their experience, in terms of enjoyment or 

hindrance, while pedalling with feedback or engagement; (iii) preferences to have feedback and 

engagement for future exercise sessions; (iv) perceived benefits of having feedback and 

engagement during exercise sessions; and (v) motivational influence of receiving feedback and 

engagement during exercise on adherence to exercise prescription. For the participants’ 

convenience, the questionnaire was made available in both, print (paper) and electronic formats. 

Lead researcher read the questions aloud if a participant requested. 
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5.3.3 Data analysis 

A three-way repeated-values Analysis of Variance (ANOVA) was used to assess the effect of 

intervention type (baseline pedalling, pedalling with feedback, pedalling with engagement) on 

SpO2, HR, workload and exercise parameters while pedalling at slow and fast speeds for stroke 

patients and the healthy controls. Participant type (stroke and controls), pedalling speed (60 and 

100 RPM) and intervention type (baseline, feedback, and engagement) were the independent 

variables. ANOVA with ‘between-subject’ effect analysis enabled assessment of the influence of 

independent variables individually, as well as, any interactions between them. The dependent 

SpO2 variables were session mean SpO2, session minimum SpO2, average reduction in SpO2 

relative to resting-level, minimum reduction in SpO2 relative to resting-level, reduction in SpO2 

at 5-minute relative to resting-level, reduction in SpO2 at 10-minutes relative to resting-level, 

and reduction in SpO2 at 15-minute relative to resting-level. The dependent HR variables 

included session mean HR, session maximum HR, average increase in HR relative to resting-

level, maximum increase in HR relative to resting-level, increase in HR at 5-minute relative to 

resting-level, increase in HR at 10-minutes relative to resting-level, and increase in HR at 15-

minute relative to resting. Other dependent variables included workload parameters that included 

workload, expressed as percentage of HR reserve, at 5-, 10-, and 15-minutes of pedalling, and 

the increase in the workload, from resting-level, at 5-, 10-, and 15-mnutes of pedalling. The 

exercise parameter dependent variables were mean-speed deviation, Coefficient of Variation 

(COV) in mean-speed, absolute speed deviation and COV absolute speed deviation. Levene’s 

test for homogeneity of variances was performed, and a test for data normality was undertaken. 

Post-hoc tests were undertaken using paired t-tests and Games-Howell for groups with un-equal 

variances. Additional two-tailed t-test were employed to compare stroke patients against healthy 
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controls on individual dependent variables, and the way they were influenced by the use of 

feedback and engagement during pedalling. COV and standard deviation were computed and 

used as a measure of the dispersion of data. Level of significance was defined at p0.05. 

Participants’ responses from post-study survey were analysed using pie-charts for percentage of 

the population favouring an option. Qualitative responses for ‘perceived differences between 

feedback/engagement and baseline pedalling’ was categorized and a summary was presented 

using a histogram. A comparison was drawn between responses from stroke and control cohort. 

5.4 Results 

5.4.1 SpO2 Parameters 

Subject type (stroke or controls) had a significant influence (p<0.05) on mean and minimum 

SpO2 (Table 19); similarly, intervention type and pedalling speed significantly affected (p<0.05) 

post-exercise change in SpO2 from resting level. Stroke patients had a significantly lower mean 

and minimum SpO2 (p<0.05) than that of healthy controls during baseline pedalling at both low- 

and high-speed (Figure 17).  For example, the mean SpO2 in stroke patients was significantly 

smaller during low-speed pedalling at baseline (mean different = -1.2%, p=0.001) (Table 20). 

Mean SpO2 was lower with exercise performance feedback and engagement in stroke patients 

compared to that during baseline pedalling at high and low speeds; however, this difference was 

not significant. In contrast, a significantly larger mean SpO2 was observed with engagement 

during high-speed pedalling in the healthy controls relative to that during baseline pedalling 

(mean difference = 0.3%, p=0.035). The healthy controls demonstrated a significantly smaller 

reduction in SpO2 when pedalling with video engagement at low-speed (mean difference = 

0.5%, p=0.015) and high-speed (mean difference = 0.6%, p=0.007) compared to that during 

baseline pedalling (Table 21). 
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Figure 17: Comparison of SpO2 parameters between stroke patients and healthy controls for different 

intervention types (baseline, visual feedback and video engagement), and pedalling speeds (low-speed 

and high-speed). Mean SpO2 is compared at (a) low-speed and (b) high-speed pedalling. Change in SpO2 

from rest, after 15-minutes of (c) low-speed and (d) high-speed pedalling. Statistical significance of 

comparison between intervention types are represented with *. One asterisk indicates p 0.05, two 

asterisks indicate p 0.01, while three asterisks indicate p 0.001. Error bars are drawn with +/-1 standard 

deviation of the bar values. 
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Table 19: Results of three-way analysis of variance (ANOVA) for SpO2 parameters during pedalling at low and high speeds. The dependent 

variables were blood oxygen saturation level (SpO2), as a percentage of haemoglobin in the blood that are oxygen saturated. The independent 

variables were intervention type (baseline pedalling, pedalling with feedback, and pedalling with engagement), pedalling speed (60 and 100 RPM), 

and participant type (healthy subject or stroke patients). Mean and standard deviation are given, as well as significant differences in intervention 

type (Int), pedalling speed (Sp), subject type (Sub) and their interactions (Int*Sp, Int*Sub, Sp*Sub, and Int*Sp*Sub) are given. One asterisk 

indicates p0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. 

 

SpO2 Parameters Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Sub.

Session Mean Low 98.4 0.7 98.3 0.7 98.4 0.7 97.1 1.0 96.8 1.8 96.8 1.6 0.671 0.093 0.000 *** 0.712 0.143 0.462 0.962

High 97.9 0.8 98.2 0.8 98.2 0.6 97.0 0.9 96.8 1.6 96.6 1.5

Session Minimum Low 98.2 0.8 98.0 1.0 98.0 0.8 96.4 1.6 96.2 2.2 96.2 2.0 0.690 0.227 0.000 *** 0.794 0.442 0.474 0.519

High 97.6 0.9 97.9 1.1 97.8 0.8 96.5 1.3 96.2 1.9 95.9 2.3

Average Change Low -0.4 0.5 0.0 0.8 0.0 0.9 0.5 0.9 0.4 1.4 0.2 1.3 0.905 0.067 0.109 0.461 0.222 0.763 0.958

High -0.5 0.6 -0.4 0.7 -0.1 0.6 0.2 1.9 -0.1 1.6 0.0 1.9

Maximum Change Low -0.6 0.6 -0.3 0.9 -0.4 1.0 -0.2 0.8 -0.3 1.1 -0.4 1.2 0.905 0.117 0.641 0.729 0.430 0.990 0.905

High -0.9 0.8 -0.8 0.9 -0.4 0.8 -0.4 2.0 -0.8 1.8 -0.6 2.1

Change after 05-Min Low -0.3 0.7 0.1 0.8 0.1 0.9 0.4 0.5 0.2 1.6 0.1 0.8 0.946 0.881 0.014 * 0.805 0.298 0.289 0.773

High -0.4 0.5 -0.3 0.7 -0.1 0.8 0.5 1.7 0.3 1.7 0.3 1.3

 Change after 10-Min Low -0.3 0.5 0.0 0.8 -0.2 1.1 0.7 1.4 0.5 1.8 0.5 1.7 0.955 0.012 * 0.111 0.602 0.368 0.111 0.602

High -0.5 0.8 -0.5 0.9 -0.1 0.5 0.2 2.0 -0.2 1.5 -0.3 2.2

Change after 15-Min Low -0.4 0.5 -0.1 0.9 0.1 0.9 0.4 1.5 0.4 1.7 -0.1 1.7 0.010 ** 0.050 * 0.302 0.431 0.267 0.798 0.663

High -0.7 0.9 -0.5 0.7 -0.1 0.9 -0.1 2.2 -0.4 2.0 0.1 2.8

Pedaling 

Speed

Healthy Subjects Stroke Patients

Baseline Feedback Engagement Baseline Feedback Engagement

p value

Int*Sp Int*Sub Sp*Sub Int*Sp*SubInt. Sp.

Interaction EffectIndividual Effect
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Table 20: Comparison of means for SpO2 parameters between stroke patients and healthy controls during low- and high-speed pedalling with 

different intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement). Result of comparison using two-tailed t-

test, mean difference and their significance (p value), are given. One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks 

indicate p0.001. 

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -1.2 0.001 *** -1.5 0.013 * -1.6 0.005 **

High -0.9 0.011 * -1.4 0.010 * -1.6 0.002 **

Low 0.8 0.077 0.5 0.353 -0.1 0.801

High 0.6 0.337 0.1 0.844 0.2 0.819

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -14.4 0.010 * -9.1 0.087 -8.7 0.122

High -7.1 0.153 -9.8 0.104 -3.5 0.579

Low -15.5 0.010 ** -11.7 0.041 * -10.2 0.084

High -8.0 0.123 -10.5 0.089 -5.5 0.398

Low -1.7 0.545 -3.9 0.130 5.2 0.111

High 1.6 0.693 3.8 0.346 1.7 0.657

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -3.6 0.325 -1.1 0.713 2.5 0.436

High 7.6 0.091 5.7 0.244 9.0 0.050 *

Low 0.8 0.764 -2.1 0.322 5.5 0.048 *

High 7.6 0.085 9.1 0.038 * 6.2 0.126

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -0.7 0.751 0.5 0.733 0.8 0.426

High -1.0 0.638 -2.8 0.133 -3.0 0.116

Low 2.1 0.023 * 2.5 0.022 * 2.2 0.021 *

High 0.3 0.633 1.2 0.008 ** 1.1 0.035 *

Low 0.9 0.574 2.1 0.099 1.8 0.036 *

High -0.9 0.470 2.3 0.064 1.3 0.372

Low 1.0 0.116 1.7 0.013 * 1.7 0.008 **

High 0.3 0.620 1.0 0.016 * 1.0 0.018 *

Baseline Feedback Engagement

COV (Mean-speed)

Ex Param

Change after 15-Min 

HR

Pedaling 

Speed

Baseline Feedback Engagement

Absolute Speed-Deviation

COV (Abs. speed-deviation)

Mean-speed Deviation

WL

Change after 15-Min 

Pedaling 

Speed

Workload at 15-Min

Pedaling 

Speed

Baseline Feedback Engagement

 Session Mean

Session Maximum

Baseline Feedback EngagementPedaling 

Speed

 Session Mean

Change after 15-Min 

SpO2
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Table 21: Comparison of means for SpO2 parameters during pedalling at low and high speed by healthy subjects and stroke patients. The means 

are compared between intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement) in pairs for the two 

pedalling speeds (low and high) and the two participant types (healthy and patient). Mean difference and their significance (p value) are given. 

One asterisk indicates p  0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. 

 

SpO2 Parameters Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value

Session Mean Low 0.0 0.892 0.0 1.000 0.0 0.914 -0.3 0.556 -0.3 0.523 -0.1 0.859

High 0.3 0.063 0.3 0.035 * 0.0 0.918 -0.2 0.510 -0.5 0.246 -0.3 0.493

Session Minimum Low -0.2 0.483 -0.2 0.331 0.0 1.000 -0.2 0.697 -0.2 0.835 0.1 0.856

High 0.3 0.111 0.3 0.236 -0.1 0.834 -0.3 0.487 -0.5 0.366 -0.2 0.513

Average Change Low 0.4 0.078 0.3 0.126 0.0 0.880 -0.1 0.718 -0.3 0.441 -0.2 0.676

High 0.1 0.613 0.5 0.004 ** 0.4 0.109 -0.3 0.687 -0.2 0.780 0.1 0.793

Maximum Change Low 0.2 0.409 0.2 0.483 -0.1 0.848 -0.1 0.837 -0.2 0.687 -0.1 0.861

High 0.1 0.668 0.4 0.050 * 0.3 0.286 -0.4 0.660 -0.2 0.737 0.2 0.766

Change after 05-Min Low 0.4 0.104 0.4 0.202 -0.1 0.834 -0.2 0.879 -0.3 0.458 -0.1 0.988

High 0.1 0.805 0.3 0.138 0.3 0.331 -0.2 0.808 -0.2 0.766 0.0 1.000

 Change after 10-Min Low 0.3 0.138 0.1 0.651 -0.2 0.495 -0.2 0.687 -0.2 0.717 -0.1 0.897

High 0.0 1.000 0.4 0.136 0.4 0.202 -0.4 0.584 -0.5 0.549 -0.1 0.870

Change after 15-Min Low 0.3 0.138 0.5 0.015 * 0.2 0.483 0.0 1.000 -0.5 0.461 -0.5 0.408

High 0.2 0.331 0.6 0.007 ** 0.4 0.130 -0.3 0.735 0.2 0.805 0.5 0.641

Pedaling 

Speed

Feedback vs Baseline Engagement vs Baseline Engagement vs Feedback Feedback vs Baseline

Healthy Subjects Stroke Patients

Engagement vs Baseline Engagement vs Feedback

 



145 

 

5.4.2 HR Parameters 

The HR parameters were significantly affected (p<0.05) by pedalling speed and intervention 

type, with participant type showing a significant influence (p=0.049) on maximum HR (Table 

22). The mean HR of stroke patients was significantly smaller relative to that in healthy controls 

during low-speed baseline pedalling (mean different = 14.4 BPM, p=0.01) (Table 23) as shown 

in Figure 18. Maximum HR during pedalling in stroke patients was significantly smaller that in 

healthy controls (p=0.049). For example, stroke patients had a significantly smaller maximum 

HR than that of the healthy controls during low-speed baseline pedalling (mean difference = -

15.5 BPM, p=0.01) and pedalling with exercise feedback (mean difference = -11.7 BPM, 

p=0.041). No significant differences were observed in mean HR during pedalling with visual 

feedback or video engagement in stroke patients (p>0.05). A significantly smaller rise in HR 

from rest was observed in healthy subjects during low-speed pedalling with video engagement 

relative to that during pedalling with feedback (mean difference = -8.2 BPM, p=0.05) (Table 24). 

The healthy controls also demonstrated a significant reduction in mean HR during low-speed 

pedalling with visual feedback relative to that during baseline pedalling (mean difference = -6.3 

BPM, p=0.047). Video engagement during high-speed pedalling resulted in significantly smaller 

mean HR relative to that during high-speed pedalling with feedback (mean difference = -7.6 

BPM, p=0.018) in the controls.  
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Figure 18: Comparison of HR parameters between stroke patients and healthy controls for different 

intervention types (baseline, visual feedback and video engagement), and pedalling speeds (low-speed 

and high-speed). Mean HR is compared at (a) low-speed and (b) high-speed pedalling. Change in HR 

from rest, after 15-minutes of (c) low-speed and (d) high-speed pedalling. Statistical significance of 

comparison between intervention types are represented with *. One asterisk indicates p0.05, two 

asterisks indicate p0.01, while three asterisks indicate p0.001. Error bars are drawn with +/-1 standard 

deviation of the bar values. 
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Table 22: Results of three-way analysis of variance (ANOVA) for HR parameters during pedalling at low and high speeds. The dependent 

variables were heart rate (HR) in beats per minute. The independent variables were intervention type (baseline pedalling, pedalling with feedback, 

and pedalling with engagement), pedalling speed (60 and 100 RPM), and participant type (healthy subject or stroke patients). Mean and standard 

deviation are given, as well as significant differences in intervention type (Int), pedalling speed (Sp), subject type (Sub) and their interactions 

(Int*Sp, Int*Sub, Sp*Sub, and Int*Sp*Sub) are given. One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks indicate 

p0.001. 

HR Parameters Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Sub.

Session Mean Low 92.3 16.7 86.0 12.8 86.5 16.3 77.9 12.4 76.9 14.8 77.8 14.0 0.018 * 0.000 *** 0.078 0.255 0.159 0.184 0.420

High 97.1 13.5 98.6 17.8 91.1 15.6 90.1 13.0 88.8 14.8 87.6 17.8

Session Maximum Low 95.8 17.9 90.6 14.6 89.9 17.0 80.2 13.3 78.9 15.1 79.7 14.5 0.026 * 0.000 *** 0.049 * 0.390 0.375 0.149 0.651

High 101.9 14.4 102.8 18.4 95.7 17.4 93.9 13.4 92.3 14.7 90.2 17.8

Average Change Low 7.2 8.4 5.8 7.4 1.6 10.2 6.5 5.7 4.7 3.0 5.5 4.1 0.035 * 0.000 *** 0.212 0.436 0.700 0.364 0.601

High 14.6 9.4 15.5 7.6 10.5 8.2 16.6 8.4 18.6 10.3 12.8 9.8

Maximum Change Low 10.7 9.2 10.4 9.3 4.9 10.3 8.8 7.0 6.8 4.1 7.4 4.1 0.022 * 0.000 *** 0.930 0.609 0.814 0.314 0.434

High 19.4 10.8 19.6 8.9 15.1 9.2 20.5 8.6 22.2 10.8 15.4 9.7

Change after 05-Min Low 5.4 8.8 2.6 6.8 2.1 8.6 6.0 5.4 3.5 2.5 5.0 4.9 0.157 0.000 *** 0.084 0.195 0.897 0.349 0.944

High 11.9 9.4 13.3 10.1 8.2 8.3 14.9 7.9 16.8 11.2 11.7 11.9

 Change after 10-Min Low 7.9 8.3 5.6 8.9 1.5 10.9 7.1 7.3 5.3 4.3 5.2 4.3 0.032 * 0.000 *** 0.318 0.478 0.737 0.649 0.730

High 15.5 9.1 16.4 8.0 11.5 8.5 16.8 9.2 18.6 9.0 13.2 8.2

Change after 15-Min Low 8.2 9.7 9.3 9.8 1.1 12.2 6.5 5.8 5.4 3.6 6.3 4.4 0.029 * 0.000 *** 0.439 0.817 0.564 0.358 0.279

High 16.6 12.3 16.7 9.1 11.8 10.5 18.2 9.9 20.5 11.9 13.5 10.4

Healthy Subjects Stroke Patients p value

Pedaling 

Speed

Baseline Feedback Engagement Baseline Feedback Engagement Individual Effect Interaction Effect

Int. Sp. Int*Sp Int*Sub Sp*Sub Int*Sp*Sub
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Table 23: Comparison of means for HR parameters between stroke patients and healthy controls during low- and high-speed pedalling with 

different intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement). Result of comparison using two-tailed t-

test, mean difference and their significance (p value), are given. One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks 

indicate p0.001. 

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -1.2 0.001 *** -1.5 0.013 * -1.6 0.005 **

High -0.9 0.011 * -1.4 0.010 * -1.6 0.002 **

Low 0.8 0.077 0.5 0.353 -0.1 0.801

High 0.6 0.337 0.1 0.844 0.2 0.819

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -14.4 0.010 * -9.1 0.087 -8.7 0.122

High -7.1 0.153 -9.8 0.104 -3.5 0.579

Low -15.5 0.010 ** -11.7 0.041 * -10.2 0.084

High -8.0 0.123 -10.5 0.089 -5.5 0.398

Low -1.7 0.545 -3.9 0.130 5.2 0.111

High 1.6 0.693 3.8 0.346 1.7 0.657

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -3.6 0.325 -1.1 0.713 2.5 0.436

High 7.6 0.091 5.7 0.244 9.0 0.050 *

Low 0.8 0.764 -2.1 0.322 5.5 0.048 *

High 7.6 0.085 9.1 0.038 * 6.2 0.126

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -0.7 0.751 0.5 0.733 0.8 0.426

High -1.0 0.638 -2.8 0.133 -3.0 0.116

Low 2.1 0.023 * 2.5 0.022 * 2.2 0.021 *

High 0.3 0.633 1.2 0.008 ** 1.1 0.035 *

Low 0.9 0.574 2.1 0.099 1.8 0.036 *

High -0.9 0.470 2.3 0.064 1.3 0.372

Low 1.0 0.116 1.7 0.013 * 1.7 0.008 **

High 0.3 0.620 1.0 0.016 * 1.0 0.018 *

Baseline Feedback Engagement

COV (Mean-speed)

Ex Param

Change after 15-Min 

HR

Pedaling 

Speed

Baseline Feedback Engagement

Absolute Speed-Deviation

COV (Abs. speed-deviation)

Mean-speed Deviation

WL

Change after 15-Min 

Pedaling 

Speed

Workload at 15-Min

Pedaling 

Speed

Baseline Feedback Engagement

 Session Mean

Session Maximum

Baseline Feedback EngagementPedaling 

Speed

 Session Mean

Change after 15-Min 

SpO2



149 

 

 

Table 24: Comparison of means for HR parameters during pedalling at low and high speed by healthy subjects and stroke patients. The means are 

compared between intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement) in pairs for the two pedalling 

speeds (low and high) and the two participant types (healthy and patient). Mean difference and their significance (p value) are given. One asterisk 

indicates p  0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. 

HR Parameters Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value

Session Mean Low -6.3 0.047 * -5.8 0.072 0.5 0.851 -1.0 0.515 -0.1 0.962 0.9 0.607

High 1.5 0.646 -6.1 0.097 -7.6 0.018 * -1.3 0.467 -2.5 0.411 -1.2 0.606

Session Maximum Low -5.2 0.173 -5.9 0.103 -0.7 0.815 -1.3 0.441 -0.5 0.820 0.8 0.710

High 0.8 0.818 -6.3 0.144 -7.1 0.029 * -1.6 0.401 -3.8 0.217 -2.2 0.365

Average Change Low -1.4 0.622 -5.6 0.129 -4.3 0.184 -1.8 0.168 -1.0 0.531 0.7 0.529

High 0.8 0.817 -4.1 0.180 -5.0 0.111 2.0 0.377 -3.8 0.353 -5.8 0.181

Maximum Change Low -0.2 0.946 -5.7 0.119 -5.5 0.130 -2.1 0.179 -1.5 0.429 0.6 0.668

High 0.2 0.966 -4.3 0.249 -4.5 0.129 1.7 0.523 -5.1 0.203 -6.8 0.108

Change after 05-Min Low -2.9 0.289 -3.3 0.342 -0.4 0.850 -2.5 0.087 -1.0 0.555 1.5 0.299

High 1.4 0.729 -3.7 0.217 -5.1 0.168 1.9 0.335 -3.2 0.460 -5.2 0.280

 Change after 10-Min Low -2.3 0.460 -6.4 0.101 -4.1 0.274 -1.8 0.286 -1.9 0.314 -0.2 0.927

High 0.9 0.777 -4.0 0.207 -4.9 0.099 1.8 0.434 -3.5 0.377 -5.4 0.181

Change after 15-Min Low 1.2 0.725 -7.1 0.085 -8.2 0.050 * -1.1 0.526 -0.2 0.938 0.9 0.384

High 0.1 0.979 -4.7 0.241 -4.8 0.168 2.3 0.518 -4.6 0.305 -6.9 0.130

Engagement vs Feedback

Healthy Subjects Stroke Patients

Pedaling 

Speed

Feedback vs Baseline Engagement vs Baseline Engagement vs Feedback Feedback vs Baseline Engagement vs Baseline
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5.4.3 Workload Parameters 

Pedalling speed and intervention type had significant influence on workload parameters, with 

participant type significantly affecting the change in workload relative to the resting value 

(p<0.05) (Table 25). A significantly larger change in workload, from rest, after 15-minutes of 

pedalling was experienced by stroke patients during low-speed pedalling with video engagement 

(mean difference = 5.5%, p=0.048) and during high-speed pedalling with exercise feedback 

(mean difference = 9.1%, p=0.038) relative to that of the healthy controls as shown in Figure 19 

(Table 26).  

 

Figure 19: Comparison of workload parameters between stroke patients and healthy controls for different 

intervention types (baseline, visual feedback and video engagement), and pedalling speeds (low-speed 

and high-speed). Workload after 15-minutes is compared at (a) low-speed and (b) high-speed pedalling. 

Change in workload from rest, after 15 minutes of (c) low-speed and (d) high-speed pedalling. Statistical 

significance of comparison between intervention types are represented with *. One asterisk indicates 

p0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. Error bars are drawn with 

+/-1 standard deviation of the bar values. 
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 For the healthy controls, the increase in workload from rest after 15-minutes of low-speed 

pedalling was significantly smaller with video engagement relative to pedalling with feedback 

(mean difference = -6.6%, p=0.050) (Table 27). There were no significant changes observed in 

workloads experienced by the stroke patients while pedalling with visual feedback on exercise 

and video engagement, relative to baseline pedalling at low and high speed. In contrast, a 

significant reduction in workload was observed after 5-minutes (mean difference = -6.5%, 

p=0.028) and 10-minutes (mean difference = -6.1%, p=0.048) of low-speed pedalling with 

exercise feedback compared to baseline pedalling for the controls (Table 27). Video engagement 

also resulted in significantly smaller workload after 15-minutes of low-speed pedalling relative 

to that during baseline pedalling in healthy subjects (mean difference = -5.8%, p=0.038). 
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Table 25: Results of three-way analysis of variance (ANOVA) for workload parameters during pedalling at low and high speeds. The dependent 

variables were workload intensity as % of maximum allowed workload. The independent variables were intervention type (baseline pedalling, 

pedalling with feedback, and pedalling with engagement), pedalling speed (60 and 100 RPM), and participant type (healthy subject or stroke 

patients). Mean and standard deviation are given, as well as significant differences in intervention type (Int), pedalling speed (Sp), subject type 

(Sub) and their interactions (Int*Sp, Int*Sub, Sp*Sub, and Int*Sp*Sub) are given. One asterisk indicates p0.05, two asterisks indicate p0.01, 

while three asterisks indicate p0.001. 

Workload Parameters Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Sub.

WL at 05-Min Low 19.4 8.4 12.8 5.7 16.4 9.2 17.0 7.1 15.6 8.5 17.1 7.7 0.121 0.000 *** 0.113 0.149 0.339 0.033 * 0.316

High 22.0 8.2 24.2 11.9 17.8 8.0 29.3 8.4 28.3 13.6 28.1 16.7

WL at 10-Min Low 21.4 9.4 15.3 7.4 16.0 9.5 18.2 9.3 17.6 8.5 17.2 8.9 0.045 * 0.000 *** 0.175 0.384 0.367 0.050 * 0.335

High 24.9 8.8 26.5 9.2 20.4 11.4 31.1 9.4 29.9 9.7 29.2 12.7

WL at 15-Min Low 21.6 10.0 18.4 7.9 15.8 9.9 18.0 9.7 17.4 8.1 18.3 7.5 0.025 * 0.000 *** 0.181 0.522 0.280 0.022 * 0.691

High 25.7 11.0 26.7 9.9 20.7 8.3 33.4 12.7 32.4 14.8 29.8 14.2

WL Change at 05-Min Low 4.4 6.9 2.1 5.5 1.7 7.0 6.3 5.6 3.7 2.7 5.4 4.9 0.236 0.000 *** 0.002 ** 0.178 0.895 0.027 * 0.923

High 9.4 7.3 10.8 8.5 6.6 6.6 16.7 9.2 18.3 12.6 13.9 14.1

WL Change at 10-Min Low 6.4 6.7 4.6 7.0 1.3 9.1 7.5 8.2 5.8 4.8 5.5 4.1 0.049 * 0.000 *** 0.003 ** 0.460 0.891 0.042 * 0.720

High 12.3 6.9 13.2 6.6 9.2 6.9 18.5 10.5 19.9 9.3 15.1 9.8

WL Change at 15-Min Low 6.5 8.0 7.6 7.9 1.1 10.2 7.3 7.1 5.5 3.5 6.5 3.7 0.035 * 0.000 *** 0.005 ** 0.704 0.779 0.028 * 0.227

High 13.1 9.8 13.4 7.2 9.5 8.2 20.8 12.8 22.5 13.3 15.7 12.2

Engagement Individual Effect Interaction Effect

Int. Sp. Int*Sp Int*Sub Sp*Sub Int*Sp*Sub

Healthy Subjects Stroke Patients p value

Pedaling 

Speed

Baseline Feedback Engagement Baseline Feedback
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Table 26: Comparison of means for workload parameters between stroke patients and healthy controls during low- and high-speed pedalling with 

different intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement). Result of comparison using two-tailed t-

test, mean difference and their significance (p value), are given. One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks 

indicate p0.001. 

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -1.2 0.001 *** -1.5 0.013 * -1.6 0.005 **

High -0.9 0.011 * -1.4 0.010 * -1.6 0.002 **

Low 0.8 0.077 0.5 0.353 -0.1 0.801

High 0.6 0.337 0.1 0.844 0.2 0.819

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -14.4 0.010 * -9.1 0.087 -8.7 0.122

High -7.1 0.153 -9.8 0.104 -3.5 0.579

Low -15.5 0.010 ** -11.7 0.041 * -10.2 0.084

High -8.0 0.123 -10.5 0.089 -5.5 0.398

Low -1.7 0.545 -3.9 0.130 5.2 0.111

High 1.6 0.693 3.8 0.346 1.7 0.657

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -3.6 0.325 -1.1 0.713 2.5 0.436

High 7.6 0.091 5.7 0.244 9.0 0.050 *

Low 0.8 0.764 -2.1 0.322 5.5 0.048 *

High 7.6 0.085 9.1 0.038 * 6.2 0.126

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -0.7 0.751 0.5 0.733 0.8 0.426

High -1.0 0.638 -2.8 0.133 -3.0 0.116

Low 2.1 0.023 * 2.5 0.022 * 2.2 0.021 *

High 0.3 0.633 1.2 0.008 ** 1.1 0.035 *

Low 0.9 0.574 2.1 0.099 1.8 0.036 *

High -0.9 0.470 2.3 0.064 1.3 0.372

Low 1.0 0.116 1.7 0.013 * 1.7 0.008 **

High 0.3 0.620 1.0 0.016 * 1.0 0.018 *

Baseline Feedback Engagement

COV (Mean-speed)

Ex Param

Change after 15-Min 

HR

Pedaling 

Speed

Baseline Feedback Engagement

Absolute Speed-Deviation

COV (Abs. speed-deviation)

Mean-speed Deviation

WL

Change after 15-Min 

Pedaling 

Speed

Workload at 15-Min

Pedaling 

Speed

Baseline Feedback Engagement

 Session Mean

Session Maximum

Baseline Feedback EngagementPedaling 

Speed

 Session Mean

Change after 15-Min 

SpO2
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Table 27: Comparison of means for workload intensity levels during pedalling at low and high speed by healthy subjects and stroke patients. The 

means are compared between intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement) in pairs for the two 

pedalling speeds (low and high) and the two participant types (healthy and patient). Mean difference and their significance (p value) are given. 

One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. 

Workload Parameters Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value

WL at 05-Min Low -6.5 0.028 * -3.0 0.578 3.6 0.355 -1.4 0.483 0.2 0.951 1.6 0.476

High 2.2 0.509 -4.2 0.125 -6.4 0.031 * -1.0 0.595 -1.2 0.719 -0.2 0.937

WL at 10-Min Low -6.1 0.048 * -5.4 0.062 0.7 0.801 -0.6 0.781 -1.0 0.689 -0.4 0.862

High 1.6 0.516 -4.5 0.210 -6.1 0.029 * -1.2 0.509 -1.9 0.530 -0.7 0.789

WL at 15-Min Low -3.2 0.315 -5.8 0.038 * -2.6 0.340 -0.6 0.722 0.3 0.911 0.9 0.605

High 1.0 0.742 -5.0 0.103 -6.0 0.022 * -1.0 0.770 -3.6 0.372 -2.6 0.352

WL Change at 05-Min Low -2.2 0.305 -2.6 0.337 -0.4 0.833 -2.6 0.093 -0.9 0.628 1.6 0.285

High 1.5 0.652 -2.8 0.239 -4.3 0.149 1.6 0.473 -2.7 0.558 -4.4 0.376

WL Change at 10-Min Low -1.8 0.479 -5.1 0.104 -3.3 0.280 -1.8 0.328 -2.1 0.336 -0.3 0.868

High 0.9 0.731 -3.1 0.225 -4.0 0.094 1.4 0.580 -3.4 0.433 -4.8 0.249

WL Change at 15-Min Low 1.1 0.676 -5.5 0.088 -6.6 0.050 * -1.8 0.694 -0.8 0.930 1.0 0.763

High 0.2 0.946 -3.6 0.262 -3.9 0.158 1.7 0.677 -5.1 0.295 -6.8 0.152

Engagement vs Feedback

Healthy Subjects Stroke Patients

Pedaling 

Speed

Feedback vs Baseline Engagement vs Baseline Engagement vs Feedback Feedback vs Baseline Engagement vs Baseline
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5.4.4 Exercise Parameters 

COV of mean speed deviation was observed to be significantly larger in stroke patients during 

low- and high-speed pedalling compared to that of the healthy controls (Figure 20). The COV of 

mean speed deviation was not affected by feedback or engagement in stroke patients. In contrast, 

a significantly smaller COV of mean-speed deviation was observed with visual feedback (mean 

difference = -1.0, p=0.037) and video engagement (mean difference = -0.9, p=0.034) during 

high-speed pedalling for the healthy controls (Table 28). 

  

 

Figure 20: Comparison of exercise parameters between stroke patients and healthy controls for different 

intervention types (baseline, visual feedback and video engagement), and pedalling speeds (low-speed 

and high-speed). Mean-speed deviation is compared at (a) low-speed and (b) high-speed pedalling. COV 

of mean-speed deviation is compared at (c) low-speed and (d) high-speed pedalling. Statistical 

significance of comparison between intervention types are represented with *. One asterisk indicates 

p0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. Error bars are drawn with 

+/-1 standard deviation of the bar values. 
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Table 28: Comparison of means for exercise parameters during pedalling at low and high speed by healthy subjects and stroke patients. The means 

are compared between intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement) in pairs for the two 

pedalling speeds (low and high) and the two participant types (healthy and patient). Mean difference and their significance (p value) are given. 

One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. 

Exercise Parameters Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value Mean Diff p value

Mean-Speed Deviation Low -2.3 0.338 -3.0 0.130 -0.8 0.500 -1.0 0.311 -1.5 0.237 -0.5 0.495

High 0.7 0.607 -0.1 0.939 -0.8 0.471 -1.1 0.437 -2.1 0.100 -1.0 0.371

COV (Mean-speed) Low -0.4 0.166 -0.6 0.083 -0.1 0.687 0.0 0.979 -0.4 0.165 -0.4 0.302

High -1.0 0.037 * -0.9 0.034 * 0.1 0.582 -0.1 0.746 -0.1 0.701 0.0 0.991

Absolute Speed-deviation Low -3.0 0.028 * -3.4 0.010 ** -0.4 0.723 -1.8 0.014 * -2.4 0.006 ** -0.7 0.175

High -3.1 0.002 ** -2.2 0.007 ** 0.9 0.383 0.2 0.868 0.0 0.954 -0.1 0.884

Std (Abs. Speed-deviation) Low -0.5 0.008 ** -0.7 0.000 *** -0.2 0.303 -0.1 0.753 -0.3 0.233 -0.2 0.272

High -0.7 0.027 * -0.8 0.003 ** 0.0 0.798 0.0 0.972 0.0 0.936 0.0 0.968

COV (Abs. Speed-deviation) Low -0.8 0.008 ** -1.1 0.000 *** -0.3 0.303 -0.1 0.753 -0.4 0.233 -0.3 0.272

High -0.7 0.027 * -0.8 0.003 ** 0.0 0.798 0.0 0.972 0.0 0.936 0.0 0.968

Pedaling 

Speed

Feedback vs Baseline Engagement vs Baseline Engagement vs Feedback Feedback vs Baseline Engagement vs Feedback

Healthy Subjects Stroke Patients

Engagement vs Baseline
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During low-speed pedalling, stroke patients demonstrated significantly smaller absolute speed-

deviation relative to baseline pedalling with feedback (mean difference = -1.8 RPM, p=0.014) 

and engagement (mean difference = -2.4 RPM, p=0.006) (Figure 21). In contrast, healthy 

controls demonstrated a significantly smaller absolute speed-deviation relative to baseline during 

pedalling with feedback at low-speed (mean difference = -3.0 RPM, p=0.028) and high-speed 

(mean difference = -3.1 RPM, p=0.002). Video engagement resulted in a significant reduction in 

absolute speed-deviation, relative to baseline, during low-speed (mean difference = -3.4 RPM, 

p=0.010) and high-speed (mean difference = -2.2 RPM, p=0.007) pedalling for healthy subjects. 

 

Figure 21: Comparison of absolute speed-deviation and its COV between stroke patients and healthy 

controls for different intervention types (baseline, visual feedback and video engagement), and pedalling 

speeds (low-speed and high-speed). Absolute speed-deviation is compared at (a) low-speed and (b) high-

speed pedalling. COV of absolute speed-deviation is compared at (c) low-speed and (d) high-speed 

pedalling. Statistical significance of comparison between intervention types are represented with *. One 

asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. Error bars 

are drawn with +/-1 standard deviation of the bar values. 
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Mean-speed deviation and its COV were significantly influenced (p<0.05) by intervention type 

and pedalling speed; whereas, participant type influenced the mean-speed COV only (Table 29). 

Similarly, COV of absolute speed-deviation was significantly influenced (p<0.05) by pedalling 

speed, intervention type and participant type; however, absolute speed-deviation was only 

affected by intervention type. For absolute speed-deviation and its COV, a significant interaction 

effect (p<0.008) was observed between intervention type and participant type. The COV of 

absolute speed-deviation was observed to be significantly higher in stroke patients compared to 

that in healthy controls while pedalling at low speed with feedback (mean difference = 1.7, 

p=0.013) and engagement (mean difference = 1.7, p=0.008), as well as, during high-speed 

pedalling with feedback (mean difference = 1.0, p=0.016) and engagement (mean difference = 

1.0, p=0.018) (Table 30). The healthy controls demonstrated significant influence of visual 

feedback (p<0.05) and video engagement (p<0.01) in reducing the COV of absolute speed-

deviation at low- and high-speed, relative to baseline. For example, a significantly smaller COV 

of absolute speed-deviation, was observed with video engagement during low-speed pedalling 

(mean difference = -1.1, p<0.001) and high-speed pedalling (mean difference = -0.8, p=0.003) 

relative to baseline. 
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Table 29: Results of three-way analysis of variance (ANOVA) for exercise parameters during pedalling at low and high speeds. The dependent 

variables were mean-speed and absolute deviation from target speed (in cycles per minute), and their coefficients of variation (in %). The 

independent variables were intervention type (baseline pedalling, pedalling with feedback, and pedalling with engagement), pedalling speed (60 

and 100 RPM), and participant type (healthy subject or stroke patients). Mean and standard deviation are given, as well as significant differences 

in intervention type (Int), pedalling speed (Sp), subject type (Sub) and their interactions (Int*Sp, Int*Sub, Sp*Sub, and Int*Sp*Sub) are given. 

One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks indicate p0.001. 

Exercise Parameters Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Sub.

Mean-Speed Deviation Low 3.4 6.1 1.1 2.5 0.3 1.4 2.6 6.3 1.6 4.8 1.2 3.4 0.046 * 0.000 *** 0.401 0.368 0.950 0.150 0.237

High -0.9 6.4 -0.2 3.2 -1.0 5.8 -1.9 5.6 -3.0 5.9 -4.0 4.6

COV (Mean-speed) Low 6.0 1.4 5.6 1.1 5.5 1.3 8.1 2.8 8.1 3.4 7.7 2.9 0.012 * 0.000 *** 0.007 ** 0.534 0.144 0.020 * 0.668

High 4.8 1.8 3.8 1.0 4.0 1.1 5.2 2.0 5.0 1.2 5.0 1.5

Absolute Speed-deviation Low 6.1 4.1 3.1 2.0 2.7 0.9 7.0 4.4 5.2 4.0 4.6 2.8 0.000 *** 0.355 0.108 0.140 0.007 ** 0.606 0.532

High 6.8 3.3 3.7 2.0 4.6 4.6 5.8 3.7 6.0 3.9 5.9 3.2

Std (Abs. Speed-deviation) Low 3.0 0.7 2.5 0.7 2.3 0.6 3.6 1.2 3.5 1.2 3.4 1.1 0.000 *** 0.004 ** 0.008 ** 0.780 0.007 ** 0.695 0.670

High 3.7 1.1 2.9 1.0 2.9 0.7 3.9 1.6 3.9 1.1 3.9 1.3

COV (Abs. Speed-deviation) Low 5.0 1.1 4.2 1.2 3.9 1.0 6.0 2.0 5.9 2.0 5.6 1.9 0.000 *** 0.000 *** 0.006 ** 0.459 0.008 ** 0.098 0.995

High 3.7 1.1 2.9 1.0 2.9 0.7 4.0 1.6 3.9 1.1 3.9 1.3

Healthy Subjects Stroke Patients p value

Pedaling 

Speed

Baseline Feedback Engagement Baseline Feedback Engagement Individual Effect Interaction Effect

Int. Sp. Int*Sp Int*Sub Sp*Sub Int*Sp*Sub

 

 

 



160 

 

Table 30: Comparison of means for exercise parameters between stroke patients and healthy controls during low- and high-speed pedalling with 

different intervention types (baseline pedalling, pedalling with feedback and pedalling with engagement). Result of comparison using two-tailed t-

test, mean difference and their significance (p value), are given. One asterisk indicates p0.05, two asterisks indicate p0.01, while three asterisks 

indicate p0.001. 

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -1.2 0.001 *** -1.5 0.013 * -1.6 0.005 **

High -0.9 0.011 * -1.4 0.010 * -1.6 0.002 **

Low 0.8 0.077 0.5 0.353 -0.1 0.801

High 0.6 0.337 0.1 0.844 0.2 0.819

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -14.4 0.010 * -9.1 0.087 -8.7 0.122

High -7.1 0.153 -9.8 0.104 -3.5 0.579

Low -15.5 0.010 ** -11.7 0.041 * -10.2 0.084

High -8.0 0.123 -10.5 0.089 -5.5 0.398

Low -1.7 0.545 -3.9 0.130 5.2 0.111

High 1.6 0.693 3.8 0.346 1.7 0.657

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -3.6 0.325 -1.1 0.713 2.5 0.436

High 7.6 0.091 5.7 0.244 9.0 0.050 *

Low 0.8 0.764 -2.1 0.322 5.5 0.048 *

High 7.6 0.085 9.1 0.038 * 6.2 0.126

Parameters Mean Diff p value Mean Diff p value Mean Diff p value

Low -0.7 0.751 0.5 0.733 0.8 0.426

High -1.0 0.638 -2.8 0.133 -3.0 0.116

Low 2.1 0.023 * 2.5 0.022 * 2.2 0.021 *

High 0.3 0.633 1.2 0.008 ** 1.1 0.035 *

Low 0.9 0.574 2.1 0.099 1.8 0.036 *

High -0.9 0.470 2.3 0.064 1.3 0.372

Low 1.0 0.116 1.7 0.013 * 1.7 0.008 **

High 0.3 0.620 1.0 0.016 * 1.0 0.018 *

Baseline Feedback Engagement

COV (Mean-speed)

Ex Param

Change after 15-Min 

HR

Pedaling 

Speed

Baseline Feedback Engagement

Absolute Speed-Deviation

COV (Abs. speed-deviation)

Mean-speed Deviation

WL

Change after 15-Min 

Pedaling 

Speed

Workload at 15-Min

Pedaling 

Speed

Baseline Feedback Engagement

 Session Mean

Session Maximum

Baseline Feedback EngagementPedaling 

Speed

 Session Mean

Change after 15-Min 

SpO2
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5.4.5 Post-exercise survey 

The survey data showed that 85% of stroke patients and 94% of controls observed the difference 

in pedalling sessions with visual feedback, and video-based engagement, relative to baseline 

pedalling (Figure 22). The majority of the participants, 82.4% of control group and 81.8% of 

stroke cohort, found exercise feedback to be helpful in tracking performance and staying on the 

target speed range (Figure 23). One participant from each group felt that the feedback was 

boring, while one of the stroke patients felt anxious looking at the exercise dashboard while 

pedalling. Watching a video during pedalling was reported to be engaging and relaxing in 70% 

of control group, and 91% of the stroke cohort. While the video playback during pedalling was 

considered to be a motivational factor in maintaining the specified target speed, 35% of healthy 

controls and 10% stroke patients felt it was annoying. In addition, 23.5% of healthy controls and 

18.3% of stroke patients found video to be too engaging to distract them from precise adjustment 

of the speed during pedalling.  

 

Figure 22: Stroke patients and healthy participants’ response on if they observed any difference between 

pedalling sessions with feedback and engagement, relative to baseline pedalling without any intervention.  
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Figure 23: A categorized summary of the differences observed, as reported by qualitative responses from 

stroke patients and healthy controls 

In response to their experience with feedback and engagement mediated pedalling sessions, 77% 

of participants from both groups enjoyed the pedalling session with feedback (Figure 24). 

However, one healthy subject and two stroke patients reported that the feedback was 

troublesome. Pedalling session with video-based engagement was liked more by stroke patients 

(92%) than healthy cohorts (83%). 
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Figure 24: Stroke patients and healthy participants’ experience with pedalling sessions with feedback, and 

engagement, relative to baseline pedalling without any intervention.  

 

Most of the participants (83%) expressed their desire to receive performance feedback during 

their exercise sessions in the future (Figure 25). Similarly, 78% of the control group and all the 

stroke participants preferred to undertake exercise with video engagement in the future. In 

response to perceived physical recovery / fitness benefit of such interventions during exercise, 

over 85% of the participants were convinced of better rehabilitation outcome with the application 

of exercise performance feedback, as well as, video-based engagement during exercise therapy 

(Figure 26). In the similar way, over 90% of the participants felt that application of feedback, 
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and video-based engagement during exercise sessions would motivate them to adhere more to a 

prescribed exercise regime (Figure 27). 

 

Figure 25: Stroke patients and healthy participants’ preferences for having future exercise sessions with 

feedback, and video-based engagement  
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Figure 26: Stroke patients and healthy participants’ response to perceived benefits of having exercise 

sessions with feedback and video-based engagement  
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Figure 27: Stroke patients and healthy participants’ response on whether feedback and video-based 

engagement during exercise sessions would motivate them to adhere to exercise prescription or not. 

 

5.5 Discussion 

Real-time feedback on pedalling performance and video-based engagement has been shown to 

improve self-efficacy and adherence to exercise prescription in healthy individuals (Kamps and 

Schüle 2005; Katz-Leurer et al. 2006). However, the effect of visual feedback and video 

engagement on exercise physiology during pedalling has not previously been investigated in 

stroke patients who are known to suffer from poor ventilatory threshold, cognitive impairment 

and attention deficit (Srikanth et al. 2003; Nys et al. 2005; Levine et al. 2015). Patients with even 

mild functional impairment in lower limb may perceive the rehabilitation therapy as severe 
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exercise workload due to muscle weakness (F. M. M. Ivey et al. 2005). Cognitive impairment, 

attention deficit and post-stroke changes in autonomic cardiovascular regulation may nullify the 

positive influence of the feedback and video-based engagement, and may limit the benefits of the 

rehabilitation (Mysiw et al. 1989; Rose et al. 1994; Galski et al. 1993). The aim of the present 

study was to assess the safety, patient-satisfaction and feasibility of real-time exercise 

monitoring, and to study the influence of exercise performance feedback and video engagement 

on pedalling performance and exercise physiology parameters including Sp02 and HR. The 

results demonstrated the feasibility of real-time pedalling exercise monitoring, with over 78% of 

the participant enjoying the feedback and video engagement medicated exercise sessions. 

Exercise performance in the patients with stroke improved with the application of video-based 

engagement and feedback as in healthy group. However, the patients with stroke did not show a 

significant reduction in exercise-induced physiological changes. The result of the study suggests 

that our hypothesis of reduction in exercise induced changes in HR and SpO2, and pedalling 

speed deviation from target with real-time exercise feedback and video-based engagement was 

supported for healthy controls; for stroke patients, however, the hypothesis was partially 

supported with feedback and video engagement showing a significant improvement in exercise 

performance only. 

The present study demonstrated a significant reduction in absolute speed-deviation from baseline 

pedalling in stroke patients during low-speed pedalling with visual feedback, and with video-

based engagement. However, this was observed only during low-speed pedalling. In contrast, 

healthy controls had significant reduction in absolute speed-deviation from baseline pedalling, 

both with feedback and engagement, during low- and high-speed pedalling. The workload during 

low-speed pedalling in stroke patients was observed to be comparable to that in healthy controls. 
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During high-speed pedalling, the stroke patients could maintain the speed; however, their ability 

to regulate it was reduced compared to that at low speed for multiple reasons. Reduction in 

ventilatory threshold due to stroke (Benarroch 1993) could have affected their ability to meet the 

oxygen demand beyond anaerobic threshold resulting in a rapid fatigue (F. M. M. Ivey et al. 

2005). We postulate that stroke patients, with post-stroke functional deficit and reduced 

ventilatory threshold, pedalled at close to their aerobic capacity and muscle strength during high-

speed pedalling and could not leverage the positive influence of video-based feedback and 

engagement. 

A cross-sectional study with stroke survivors from ten countries indicated cognitive decline in 

over one-third of stroke survivors (Nys et al. 2005; Levine et al. 2015). The prevalence of 

cognitive impairment within 3 months from the stroke onset has been reported as high as 50-58% 

in Australia (Sun et al. 2014). Post-stroke cognitive deficit may manifest in poor attention, 

executive ability (Srikanth et al. 2003), and may worsen their recovery of physical functions 

(Mysiw et al. 1989; Paolucci et al. 1996). The findings of the present study suggest that stroke 

patients pedalled with greater variability in pedalling speed compared to healthy controls. In 

addition, there was no significant influence of feedback or engagement on the pedalling speed 

variability in stroke patients, as measured by COV of absolute speed-deviation. While the visual 

feedback through exercise dashboard and video playback rate variation encouraged the patients 

to take corrective actions to retain the pedalling speed in the target range, we argue that post-

stroke cognitive decline may have reduced stroke patients’ ability to comprehend the feedback, 

potentially resulting in their more abrupt deviations from the target pedalling speed. Cognitive 

impairment is considered to affect problem solving skills and information processing (Birren and 

Schaie 2006; Gamberini et al. 2006). Regulating the pedalling speed based on visual or video-
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based feedback requires focus and faster sensory information processing. Reduced attention span 

and deficit in information processing ability may have affected the ‘speed-correction’ effort in 

stroke patients, contributing to a less smooth pedalling than that of the controls. The patient 

cohort recruited in our study had mild stroke, and more severe stroke may ultimately reduce the 

benefits these patients may receive from pedalling.  

The autonomic nervous system (ANS) is responsible for autonomously regulating the cerebral 

blood flow, heart rate and blood pressure to cope with a short-term physical exercise (Kunz and 

Iadecola 2008). In healthy subjects, the hypothalamus regulates the physiological parameters to 

meet the increased oxygen demand in muscles during exercise (Hägglund et al. 2012; Turner 

1991; J M Kramer and Waldrop 1998). The present study demonstrated a significant reduction in 

HR rise from resting level when pedalling with video engagement, relative to that during 

baseline pedalling in healthy controls. We believe that external audio-video stimuli during video-

mediated pedalling may have provided a physiological dissociation from pedalling exercise 

induced internal cues of the body (Section 2.4.1), affecting HR and SpO2 (Franks and Myers 

1984; Nowlan 2016; Rejeski 1985).  A similar finding was reported in a study of pedalling in a 

virtual reality (VR) environment, with real-time feedback on pedalling speed and heart rate 

through VR, shown to add more enjoyment and reducing the RPE and rises in HR (Mestre et al. 

2010). However, during high-speed pedalling, the internal bodily sensation of fatigue and the 

physiological demands of the body may dominate the potential influence of visual distraction on 

hypothalamus function, resulting in similar increases in HR with or without the visual feedback. 

Our finding is also in agreement with other studies indicating increase in peak pedalling speed 

for a given blood lactate level while watching video during pedalling (Robergs et al. 1998), and 
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improvements in pedalling speed and distance with the use of video and music during pedalling 

in healthy women (MacRae et al. 2003). 

In cases of stroke patients, we observed a trend of smaller rise in HR with feedback and 

engagement, relative to baseline pedalling, but this result was not significant. Reduced cognitive 

ability and motor impairments may limit the ability of stroke patients to dissociate themselves 

from the pedalling-induced exertion. A similar finding was reported in a study where stroke 

patients were provided feedback on donning socks and shoes activities through video recordings, 

but it did not show any significant improvement in motor skills involving donning socks and 

shoe activities (Gilmore and Spaulding 2007); or, virtual reality based visual feedback didn’t 

produce a significant improvement in balance and mobility, compared to no feedback group 

(Barcala et al. 2013; Barclay-Goddard et al. 2005); Ultimately, video engagement may be a 

useful tool for enhanced pedalling output performance, increasing motivation and improving 

compliance in targeted physical rehabilitation programs. 

Enjoyment and self-efficacy are reported to be an important factor in the adoption and long-term 

sustenance of exercise (Rider et al. 2016; Steeves et al. 2016). In the current feasibility study, a 

novel custom exercise monitoring mechanism was employed to engage the participants through 

video and offer feedback on their pedalling performance in real-time. Response to the post-study 

survey revealed that participants were positive to using video-based engagement during 

rehabilitation exercise. About 82% of participants from stroke and control group found the real-

time exercise feedback useful in tracking their pedalling performance and taking corrective 

action to stay within the target speed range. Similarly, about 70% of control group, and a larger 

proportion of stroke patients (90.9%) found watching video film during pedalling to be 

motivating and relaxing. Presence of video engagement and immediate exercise feedback during 
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exercise is reported to elicit a positive engagement and enjoyment which is known to improve 

exercise compliance (Nowlan 2016). While looking at the exercise feedback provided them the 

opportunity to track their performance and improve self-efficacy, watching a video film during 

pedalling was reported to dissociate them from exercise-induced discomforts. In fact, the 

distraction using an external cue, a video film in our case, from internal bodily sensation (e.g., 

fatigue, increased HR) is reported to enhance perceived enjoyment and improve affective 

response during exercise (Rejeski 1985; Marcelo Bigliassi et al. 2016; M. Bigliassi et al. 2012). 

Participants, in other exercise monitoring studies, have been reported to enjoy the physical 

exercise when aided with video (Steeves et al. 2016; Privitera et al. 2014; Rider et al. 2016), 

music (Thornby et al. 1995; L. Jones et al. 2015; MacRae et al. 2003), video game (Jacobs et al. 

2013; Lange et al. 2010; M.-H. Chen et al. 2015), or an immersive, virtual environment using 

VR devices (Nowlan 2016; Baños et al. 2016). Adding enjoyment to the physical therapy can 

modify participants’ behavior and could ultimately overcome the demotivating barriers that 

prevent sedentary adults and patients with functional deficit from being physically active. 

While video-based engagement was enjoyed by most participants, 2 stroke patients and 1 healthy 

subject felt that it distracted them from having a precise control of the pedalling speed and made 

them anxious, if they were off the target pedalling speed. This highlights the point that brain in 

different patients, even with homogenous symptoms and severity, responds differently to the 

exercise therapy. This calls for a fair bit of individualization in the rehab prescription and 

delivery methods to suit their needs and preferences for long term benefit (Boyd et al. 2017). As 

discussed in the round table on current state of stroke rehabilitation  (Walker et al. 2017), the 

need of the hour is to develop a robust, meaningful and implementable rehabilitation 

interventions. The feasibility, safety of physiological measurement and assessment of biomarkers 
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is of value for the future. This is a part of the missing puzzle in rehabilitation medicine and we 

argue that application of such exercise monitoring and engagement mechanism may be a 

plausible way of assisting the rehabilitation and establishing a scientific evidence of benefits of 

therapy. 

This pilot study has some potential limitations that ought to be considered when interpreting the 

results. First, this was a single-centre study with a small, heterogenous sample  of stroke patients 

recruited from routine outpatient clinic and the sample may not truly represent the stroke 

population. Second, video engagement during pedalling was offered to the participants through a 

limited set of videos to standardise the testing protocol. Since, the motivational aspects of the 

videos were not considered, personal preferences as well as level of enjoyment of the video, may 

have been a confounding factor in the engagement level (Marcelo Bigliassi et al. 2016). Though, 

HR and Sp02 are frequently used measures of physical exertion and cardiovascular performance 

(Pichot et al. 2000; Basset and Boulay 2003; Coast and Welch 1985; Swain et al. 1998), this 

study didn’t consider other physiological parameters including blood pressure, blood lactate 

levels and aerobic capacity in terms of oxygen volume (VO2). This was done to avoid practical 

issues associated with obtaining blood samples from participants (for blood lactate testing), or 

requiring patients to wear a face mask and respiratory tube in the mouth; moreover, some of 

these measurements were not feasible in outpatient clinical setting at the hospital. The 

participants in the control group and patient group were not age/sex matched due to the limited 

time in this thesis for patient recruitment. However, this did not appear to affect our results as the 

influence of feedback and engagement was assessed within subject with respect to their pedalling 

session without feedback or engagement. Finally, the duration of the pedalling exercise was 

chosen to provide a balanced physical exertion in both healthy controls and stroke patients. For 
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healthy subjects, the pedalling duration may not have been sufficiently long to cause fatigue and 

yield larger drop in oxygen saturation level in blood (SpO2) as measured by PPG sensor; 

however, the 15-minute task duration was sufficiently long to yield statistically significant 

changes in HR.  

 

5.6 Conclusion 

Stroke patients exhibited a significantly smaller absolute deviation from the low speed target 

when pedalling with video feedback and engagement compared to baseline pedalling. However, 

exercise feedback and video engagement did not significantly change exercise physiology 

parameters in stroke patients relative to those during baseline pedalling, which may have been 

attributed to post-stroke functional deficits and ANS impairments. In contrast, the healthy 

subjects demonstrated significant reduction in absolute speed-deviation and variability with 

feedback and engagement during both, low- and high-speed pedalling. In addition, visual 

feedback on exercise performance and video engagement during pedalling reduced the pedalling-

induced changes in physiological parameters in healthy subjects, with video engagement having 

a greater effect than feedback. Post-study surveys of the participants suggested application of 

feedback and video-based engagement would make the exercise sessions enjoyable and may 

have the potential to improve patient satisfaction and adherence to future exercise therapy. The 

results have implications for prescription of targeted pedalling-exercise therapies and poststroke 

rehabilitation.    
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Chapter 6: A risk score for prediction of 

symptomatic intracerebral haemorrhage 

following thrombolysis 
 

 

6.1 Summary 

Thrombolysis using intravenous recombinant tissue plasminogen activator (rt-PA), alteplase, is 

now approved as an effective therapy for acute ischemic stroke. However, some patients carry 

the risk of developing an intracerebral haemorrhage (ICH) following this treatment due to 

rupturing of blood vessels supplying nutrients to the brain cells. Symptomatic intracerebral 

haemorrhage (SICH) is associated with deterioration in neurological condition and reduced score 

in the National Institute of Health Stroke Scale (NIHSS), higher mortality, severe disability rates, 

and death. The aims of the study were twofold. First, to develop a SICH risk estimation 

technique based on the pre-treatment medical condition of the patient; and second, to develop a 

mobile application based on these results, to be used as a patient screening tool. Clinical and 

demographic data from 1270 patients were analysed to identify key clinical variables associated 

with SICH, including age, NIHSS at admission, blood pressure, blood glucose, history of 

hypertension, atrial fibrillation and diabetes. A training dataset was analysed to develop a risk 

score using odd ratio estimation for categorical and stratified continuous variables. The SICH 

risk score was then validated using an alternative test dataset. The risk score was defined 

between 0 and 53, and was stratified into 4 categories: very low risk (0 – 6), low risk (7 – 12), 

moderate risk (13 – 19) and high risk (over 20). The rate of any symptomatic ICH in the cohort 
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was 1.75% (very low risk), 3.47% (low risk), 9.16% (moderate risk), and 15.32% (high risk). 

The c-statistic was 0.761 for continuous risk score (0 – 53) and 0.717 for stratified risk levels 

(very low / low / moderate / high risk) in the training dataset. A smaller value of c-statistics, 

0.723 and 0.697, were obtained for continuous and stratified risk zones respectively. A mobile 

application was also developed for computing SICH risk, which may be useful for clinicians as a 

tool for SICH risk estimation. The findings of this study may help in patient selection for 

thrombolysis treatment, and potentially reduce risk of severe disability and death. 

 

6.2 Introduction 

A stroke event occurs when the blood supply to brain is impeded. About 80-85% of all the 

strokes are ischemic stroke, i.e., due to blockage in arteries supplying blood to the brain 

(Andersen et al. 2009; Shiber et al. 2010). The remaining 15-20% of strokes are haemorrhagic 

strokes, and are generally associated with impaired consciousness and higher mortality risk 

compared to an ischemic stroke (Perna and Temple 2015). Thrombolysis using intravenous 

recombinant tissue plasminogen activator (rt-PA), alteplase, improves functional outcome and 

reduces death in acute ischemic stroke (D. L. Brown et al. 2005; Hacke 1995).  After a series of 

randomized controlled trials and safety monitoring studies, alteplase is now approved as acute 

treatment within 4.5 hours of symptom onset as an effective therapy for acute ischemic stroke 

(Lees et al. 2010; Chatterjee 2012). The percentage of patients who benefit from thrombolysis by 

at least one point on the modified Rankin scale has been calculated at 32% (Tanne et al. 2002; 

Hacke et al. 1995). Unfortunately, 5-7% of the population that has received thrombolysis have 

been reported to sustain worsened outcome by any degree on the modified Rankin Score 

compared to those with a placebo treatment. It is important to note that alteplase has the potential 
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to cause life threatening bleeding in the brain (Tanne et al. 2002). This haemorrhagic 

transformation (HT) is known as symptomatic intracerebral haemorrhage (SICH), which may 

lead to oedema around the ischemic lesions and worsen clinical outcome (Mazya et al. 2012; 

Kang et al. 2012). Several radiological, pharmacological and clinical factors have been 

implicated in increasing the risk of alteplase related bleeding in the brain. Not all types of post 

alteplase cerebral bleeding have been found to cause symptoms. Truly symptomatic   

intracerebral haemorrhage (SICH) caused by alteplase can be described as a significant blood 

clot large enough to exert a pressure effect on brain tissue outside the infarcted area. 

While thrombolytic therapy (rt-PA) for ischemic stroke has been shown to decrease stroke 

mortality, it carries a substantial risk of SICH (Hong et al. 2011). The National Institute of 

Neurological Diseases and Stroke (NINDS) trial with rt-PA treatment reported that ischemic 

patients receiving rt-PA therapy within 3  hours of stroke onset were 30% more likely to recover 

with little or no disability after three months; however, 6.5% of ischemic stroke patients that 

received rt-PA therapy within 3 hours of onset, developed SICH (Troke and Roup 1995; Tanne 

et al. 2002; Chatterjee 2012; Saposnik, Guzik, et al. 2013). Similarly, the European Cooperative 

Acute Stroke Study (ECASS) trial showed rt-PA was associated with higher risk of SICH 

compared to the placebo group (Hacke et al. 2008, 1995). SICH is associated with increased 

mortality (60% compared to 10% among patients with no SICH) and severe disability rates (32% 

of SICH patients having modified Rankin Scale 4-5 compared to 26% for non-SICH patients) 

(Tanne et al. 2002; Hacke et al. 1995). 

SICH risk associated with rt-PA limits its reach to eligible stroke patients. For instance, only 

about 15% of the eligible stroke patient population in Australia has received thrombolysis 

(Tanne et al. 2002). According to a national survey conducted in 2005, 40% of emergency 
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physicians in America were reluctant to use rt-PA therapy citing the risk of haemorrhagic 

complications (SICH) associated with the treatment (D. L. Brown et al. 2005). The rt-PA 

treatment has been shown to yield a greater return to independence, as indicated by post-

treatment mRS score between 0-1, when administered within 4.5 hours of stroke onset (Upton et 

al. 2016). A decrease in stroke onset-to-thrombolysis (OTT) time is reported to have strong 

correlation with favourable outcome following the treatment (Emberson et al. 2017; Lees et al. 

2010; Meretoja et al. 2014). Any delay in deciding whether an ischemic stroke patient is to be 

treated with thrombolysis may result in a life-threatening outcome. This raises the need for a 

simple screening technique for estimating the risk of haemorrhagic transformation prior to 

thrombolysis and assisting the patient selection for a timely treatment that potentially save lives. 

Predicting the risk of death of a patient prior to thrombolysis may be useful for clinicians in 

recommending of supportive care plan at discharge, organizing appropriate rehabilitation 

services and offering counselling services to the patient and family (Saposnik, Raptis, et al. 

2011).  

Longer OTT time has been reported as an independent predictor of adverse outcomes and SICH 

(Mazya et al. 2012). Studies are being conducted to focus on reducing OTT duration to reduce 

the risk of SICH. Medication has also been identified to control SICH at the biological level 

(Weiser and Sheth 2013; Kunte et al. 2012). Strategies to predict SICH before administering 

thrombolysis are gaining popularity as they improve clinical outcomes by excluding patients who 

are deemed to be at high risk of developing SICH. Some of these prediction techniques are based 

on pre-treatment brain imaging. For example, non-contrast head CT focal hypodensity (Toni et 

al. 1996) or CT angiography, and subsequent calculation of a ‘clot burden score’ correlated with 

SICH (Puetz et al. 2008) are some of the quantitative methods have been employed to assess the 
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haemorrhagic volume and its association with clinical outcomes. Measurements of spontaneous 

intracerebral haemorrhage volume have been positively correlated with 30-day mortality and are 

used for prediction of mortality when combined with Glasgow Coma Scale (J. Broderick et al. 

1993). 

With machine learning and advanced data analytic techniques gaining popularity, multiples 

studies have attempted to predict SICH based on patient clinical and demographic data. Clinical 

scores may be used to predict the risk of SICH following an rt-PA treatment to exclude patients 

with high risk of developing a bleed. Popular SICH risk scores include the Stroke-Thrombolytic 

Predictive Instrument (Stroke-TPI)  (Kent et al. 2006), iScore (Saposnik, Raptis, et al. 2011), 

Dense cerebral artery or early infarct signs on CT, mRS, Age, Glucose level on admission, Onset 

to treatment time and NIHSS (DRAGON) (D Strbian et al. 2012), Stroke Prognostication using 

Age and NIH Stroke Scale (SPAN-100) – (Saposnik, Guzik, et al. 2013), Acute Stroke Registry 

and Analysis of Lausanne (ASTRAL) (Ntaios et al. 2012), Haemorrhage After Thrombolysis 

(HAT) (Lou et al. 2008), baseline blood Sugar, Early infarct signs, Dense cerebral artery sign, 

Age and NIHS (SEDAN) (Daniel Strbian et al. 2012), and the Safe Implementation of 

Treatments in Stroke Symptomatic Intracerebral Haemorrhage (SITS-ICH) (Mazya et al. 2012). 

Many of the available SICH risk scores are computationally complex (except SPAN-100) or 

have shown to be poor predictors of SICH (Daniel Strbian et al. 2012; Asuzu et al. 2015; Sung et 

al. 2013). Some of these risk predictors use variables that may not be readily available for 

making a fast decision on whether to administer rt-PA or not, without losing early OTT time. For 

example, iScore requires a detailed patient information, including  history of renal dialysis and 

congestive heart failure, which may not be readily available in hyperacute stroke setting 

(Saposnik, Kapral, et al. 2011; Saposnik, Reeves, et al. 2013; Asuzu et al. 2015). This highlights 
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the need for development of a SICH risk score that is simple to compute using minimal yet 

critical clinical variables and predict SICH with better accuracy than existing methods. 

The current study presents a risk score that estimates the probability of a patient developing 

SICH following thrombolysis using pre-treatment clinical data of the patients that are routinely 

available to the clinicians at hospitals. The objective measurement of the risk of SICH may allow 

clinicians to offer thrombolysis to more patients who would benefit from it, instead of delayed or 

no thrombolytic treatment which may increase risk of sever disability or death. Awareness of 

SICH risk may assist the clinician with individualized counselling of patients and their family 

members to help them make a more informed choice of treatment to avoid undesirable clinical 

outcomes.  

6.2.1 Data source 

To develop the risk score, data were first obtained from a randomised controlled trial, 

Thrombolysis Implementation in Stroke (TIPS), involving 20 hospitals in New South Wales, 

Victoria and Queensland states of Australia (Paul et al. 2014). The primary objectives of the 

TIPS study was to find a multi-disciplinary approach in stroke management that could increase 

the proportion of patients receiving thrombolysis from the current baseline, under 5%, to above 

10% (Mundy and Hong 2012; Paul et al. 2014). In addition, the study intends to compare the 

adverse event rate for major intracranial haemorrhage in these patients that are getting 

thrombolytic treatment, against the controls. 

6.2.2 SICH definition 

SICH is manifested by neurological deterioration defined by worsening of NIHSS score (Mazya 

et al. 2012). Based on the NIHSS deterioration, and findings on clinical imaging, SICH has been 
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defined in a number of ways (Kent et al. 2015; Seet and Rabinstein 2012; Lees et al. 2010; 

Hacke et al. 1995): 

• Safe Implementation of Thrombolysis in Stroke-Monitoring Study (SITS-MOST) 

defines SICH as a local or remote Type 2 parenchymal haemorrhage (PH2) on 

imaging 22 to 36 hours after thrombolytic treatment (or earlier if the imaging scan 

was performed due to clinical deterioration) combined with a neurological 

deterioration of 4 NIHSS points from baseline or from the lowest NIHSS score 

between baseline and 24 hours or leading to death within 24 hours.  

• European Cooperative Acute Stroke Study (ECASS) II defines SICH as any type of 

intracerebral haemorrhage on any post-treatment imaging after the start of 

thrombolysis and increase of 4 NIHSS points from baseline, or from the lowest 

value within 7 days, or leading to death.  

• National Institute of Neurological Disorders and Stroke (NINDS) defines SICH as 

any deterioration in NIHSS score or death within 7 days combined with intracerebral 

haemorrhage of any type (including petechial) on any post-treatment imaging after 

the start of thrombolysis. 

 

For the current data analysis and risk score prediction, we followed the ECASS-II definition of 

SICH. 

 

6.3 Materials and methods 

6.3.1 Patient Data 

Clinical records of 1479 ischemic stroke patients were obtained from the TIPS database. These 

records contained data collected from patients as part of stroke care workflow (Figure 28). The 

patient records included age, gender, date and time of stroke onset, date and time of arrival at 
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treating hospital, date and time of brain imaging examination, time of rt-PA treatment, modified 

Rankine Scale (mRS) grade before stroke(premorbid mRS), stroke severity (NIHSS Scale), 

hypertension, diabetes, hyperlipidemia, smoking status (current or previous), previous diagnosis 

of stroke, atrial fibrillation (including paroxysmal), congestive heart failure, 

antithrombotic/anticoagulant like aspirin, dipyridamole, and clopidogrel being taken at stroke 

onset, glucose level before treatment, and mRS at three months post-treatment. 
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Figure 28: Typical stroke care workflow and data collection scheme. Pre-stroke medical condition and demographic information is collected when 

patient visits the hospital with a symptom. Data is then collected at each stage – confirmatory tests for stroke, treatment, post-treatment 

observation, discharge and post-discharge follow-ups. The timelines are referenced with respect to stroke onset. 
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6.3.2 Data preparation 

From the records of 1479 ischemic stroke patients obtained from the TIPS database, 209 records 

had missing data and were discarded. From the date/time information of stroke onset, hospital 

admission, CT/MRI imaging and thrombolysis, time intervals were computed including stroke-

to-door time (stroke onset to admission time in minutes), stroke-to-imaging (interval in minutes 

from stroke onset to CT/MR imaging), and stroke-to-treatment time (time interval in minutes 

between stroke onset and thrombolysis). The following additional parameters were derived from 

these existing variables, and included in the dataset for analysis: 

•  Pulse pressure, as the difference between systolic and diastolic blood to ensure risk 

score considered the combined influence of both the blood pressures 

• NIHSS  15, a binary variable to consider patients beyond moderate severity stroke 

• Four binary variables to indicate the stroke onset in a day – morning (7-11 hours), 

afternoon (12-17 hours), evening (18-22 hours), and night (23-6 hours) 

• In-hospital stroke, a binary variable to include patients who had stroke at the hospital 

• mRS > 1, a binary variable to consider patients with slight, moderate or higher level 

of disability, as defined by the Modified Rankin Scale 

• On antithrombotic (any), a binary variable to ensure risk score considered patients 

already on antithrombotic prescription at the stroke onset. 

One-Hot-Encoding was applied to the categorical variables to ensure that the dataset contained 

only binary categorical data.  
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6.3.3 Statistical analysis and risk score development 

Each of the 1270 patients from the dataset was classified as a SICH or non-SICH case according 

to the ECASS-II definition for SICH (Figure 29). The SICH classification information was added 

as a binary outcome variable in the dataset. The dataset of 1270 patients was then split into two 

parts: a training data set containing 890 records (70% of total), and validation dataset with 380 

records (30% of total). The baseline characteristics were compared between training and 

validation dataset to highlight the homogeneity of the data partitioning. For each continuous 

variable, the means and medians were compared using two-tailed t-test and Mann-Whitney U-

test respectively. The categorical variables were compared using Chi-Square test. 

The training dataset was used for risk score development. SICH cases were compared with non-

SICH cases from the training dataset to gain an insight into key differences between SICH and 

non-SICH cohorts for each individual variable, and to identify key variables contributing to the 

risk of a SICH event. The continuous variables were compared using t-test (means comparison) 

and Mann-Whitney U-test (median comparison), while the Chi-Square test was used for 

comparison of categorical variables. These statistical tests were conducted to detect the 

association of SICH or no-SICH condition with each individual variable and it was not intended 

to assess the variation in SICH rate with respect to each variable. For example, a t-test used for 

‘age’ detected whether the mean age was different in SICH and no-SICH cohort. A logistic 

regression could have also been used to check the association of SICH condition with the 

variables. However, this approach tends to be less powerful than the t-test or Mann-Whitney U-

test for the purpose of detecting a difference in mean value between the two cohorts. Identified 

key continuous variables were stratified using k-means clustering and cluster boundary was 



186 

 

optimised for maximum SICH risk. The stratified continuous variables were added as new 

categorical variables to the existing list categorical variables. 

To create the risk score, all the categorical variables were tested for their association with SICH 

using Chi-square test. Odds-ratio were computed for each eligible categorical variable indicating 

a higher association with SICH (p<0.1). Categorical variables having odds-ratios higher than 1.5 

were qualified as key risk factors for SICH and were assigned an individual risk point. The 

individual risk points for these key risk factors were obtained by rounding off their odds-ratios to 

the nearest integer. Using the key risk factors and their individual risk points, a risk score was 

computed for each patient in the training dataset. The risk score was then stratified into 4 zones 

of varying risk levels: very low, low, moderate and high risk of a patient developing SICH 

following thrombolysis. The stratification was achieved using k-means clustering. For each risk 

zone, ranger of risk score, proportion of total SICH, and relative risk (a number indicating the 

risk as a factor of average SICH proportion in the cohort) was computed. 

The proposed risk score was tested using validation dataset. First, a risk score was computed for 

each patient in the validation dataset; and then, it was correlated with the actual SICH cases in 

the validation dataset. SICH classification performance of both the classifiers (continuous risk 

score and stratified risk zones) was assessed using Receiver Operating Characteristics (ROC) 

curve.  The ROC curve is a plot between true positive rate (or Sensitivity) and true negative rate 

(= 1 - Specificity), and indicates the classifier performance at various threshold setting. The 

degree of separability between SICH and non-SICH from the risk score was presented by the 

area under the curve (AUC). Findings of the study, the key risk factors and their risk points, were 

used in the development of a mobile application. The mobile application would be tested for 

estimating the SICH risk by implementing an external validation dataset. 
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Figure 29: Scheme for data analysis and risk score development. 



188 

 

6.4 Results 

6.4.1 Baseline characteristics 

After data partitioning, the training dataset included 890 patients, while the validation dataset 

included 380 patients. Comparison in baseline parameters between patients in the training and 

validation dataset indicated a homogeneous partitioning of records of 1270 patients. In terms of 

the numerical variables, however, the patients in the validation dataset had significantly lower 

pre-treatment glucose than training dataset (mean difference =0.4 mmol/l, p=0.0291) (Table 31). 

The proportion of SICH cases in the training dataset was 6.3%, similar to a 6.1% SICH 

proportion in validation dataset (Table 32). A comparison of categorical variables between the 

two datasets indicated a uniform proportion of the presence of categorical conditions except for 

stroke onset time (evening), and patients on antithrombotic (aspirin and warfarin). For example, 

34.7% of patients in training dataset were on aspirin, relative to 40.8% of patients from 

validation dataset (p=0.0397). Similarly, the proportion of patients who had a stroke between 

6pm-10pm (evening) was 19.6%, compared to 24.5% of patients from validation dataset. 
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Table 31: Baseline characteristics (numerical variables) of 1270 patient records that were included in the analysis. The training (70% of the total 

records) and validation (30% of the total records) datasets are compared using t-test (for means) and Mann-Whitney U-test (for medians). Cohort 

count (total number of patients), mean, standard deviation, median, and inter-quartile range (IQR) are provided for each variable. The significance 

level is 95% (p<0.05). One asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate p≤0.001. 

t-Test

Features Count Mean Std. Median ( IQR ) Count Mean Std. Median ( IQR ) p value p value

Age (Years) 890 71.8 14.0 75 ( 63.0 - 82.0 ) 380 70.9 14.2 74 ( 61.5 - 81.0 ) 0.2773 0.2914

Stroke Onset Hour (0-23) 890 12.7 4.9 12 ( 9.0 - 16.0 ) 380 12.9 5.1 13 ( 9.0 - 18.0 ) 0.5190 0.6733

Stroke-to-Door Time (min) 890 77.4 46.4 70 ( 50.0 - 102.0 ) 380 81.5 52.6 70 ( 52.0 - 103.5 ) 0.1698 0.5978

Stroke-to-Imaging Time (min) 879 116.9 52.1 108 ( 80.3 - 147.0 ) 375 118.9 64.0 105 ( 80.0 - 142.8 ) 0.5591 0.7074

Systolic Blood Pressure (mm Hg) 890 150.2 23.0 150 ( 133.0 - 167.0 ) 380 150.9 24.1 150 ( 134.0 - 166.0 ) 0.6279 0.8493

Diastolic Blood Pressure (mm Hg) 890 80.8 14.9 80 ( 70.0 - 90.0 ) 380 81.6 14.1 80 ( 70.0 - 90.0 ) 0.3573 0.2906

Pulse Pressure (mm Hg) 890 69.4 20.8 70 ( 54.0 - 84.0 ) 380 69.3 21.9 68 ( 51.0 - 83.5 ) 0.9166 0.5968

Glucose Before Treatment (mmol/l) 890 7.5 3.1 6.7 ( 5.7 - 8.2 ) 380 7.1 2.4 6.5 ( 5.7 - 7.9 ) 0.0290 * 0.1016

NIHSS Score 890 10.7 6.6 9 ( 5.0 - 16.0 ) 380 10.8 7.0 9 ( 5.0 - 16.0 ) 0.7604 0.9400

Modified Rankin Score (mRS) 838 0.7 1.2 0 ( 0.0 - 2.0 ) 364 0.7 1.2 0 ( 0.0 - 1.0 ) 0.6252 0.6164

Weight (kg) 890 77.1 16.3 78 ( 65.0 - 88.0 ) 380 76.6 16.1 76 ( 65.0 - 88.0 ) 0.5562 0.5597

Stroke-to-Treatment Time (min) 890 172.2 56.2 168 ( 133.0 - 208.0 ) 380 174.7 73.3 160 ( 130.0 - 210.0 ) 0.5197 0.3313

Training Dataset Validation Dataset

Mann-

Whitney 

U Test
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Table 32: Using Chi-square test, the training and validation datasets are compared for categorical variables. Presence of categorical condition 

(count), cohort count (total number of patients), and percentage of cohort with categorical condition (% Proportion) are provided for each variable. 

The significance level is 95% (p<0.05). One asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate p≤0.001. 

Features Count % Proportion Count % Proportion

Gender (Male) 484 54.4 202 53.2 0.6886

Stroke onset 7-11 Hr (morning) 329 37.0 134 35.3 0.5636

Stroke onset 12-17 Hr (afternoon) 314 35.3 113 29.7 0.0555

Stroke onset 18-22 Hr (evening) 174 19.6 93 24.5 0.0487 *

Stroke onset 23-6 Hr (Night) 73 8.2 40 10.5 0.1828

Stroke onset in the hospital 55 6.2 18 4.7 0.3117

On Antithrombotic (Any) 417 46.9 184 48.4 0.6085

On Antithrombotic (Aspirin) 309 34.7 155 40.8 0.0397 *

On Antithrombotic (Clopidogrel) 85 9.6 38 10.0 0.8041

On Antithrombotic (Dipyridamole) 14 1.6 4 1.1 0.4725

On Antithrombotic (Other Antiplatelet) 2 0.2 3 0.8 0.1411

On Antithrombotic (Warfarin) 39 4.4 8 2.1 0.0491 *

NIHSS >= 16 223 25.1 98 25.8 0.7830

Modified Rankin Score (mRS) >  1 214 24.0 82 21.6 0.3412

History of Hypertension 577 64.8 240 63.2 0.5686

History of Diabetes 205 23.0 70 18.4 0.0676

History of Hyperlipidaemia 381 42.8 151 39.7 0.3096

Current Smoker 115 12.9 63 16.6 0.0856

Previous Smoker 164 18.4 67 17.6 0.7365

History of prior stroke 120 13.5 65 17.1 0.0938

History of Atrial Fibrillation 264 29.7 122 32.1 0.3862

History of Congestive Heart Failure 96 10.8 37 9.7 0.5759

No. of SICH cases 56 6.3 23 6.1 0.8714

pValue

Training Dataset ( N = 890 ) Validation Dataset ( N = 380 ) Chi-Square Test
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6.4.2 SICH vs No-SICH  

ECASS-II definition of SICH was applied to all the 890 patients in the training dataset. There 

were 56 SICH cases (6.3%) found. Comparison of continuous variables (Table 33) revealed that 

the mean age in the SICH cohort was significantly higher than the mean age of patients from the 

non-SICH group (mean difference = 6.2 years, p<0.001) (Figure 30). Similarly, NIHSS in the 

SICH group was found to significantly higher than non-SICH group (mean difference = 3.4, 

p<0.001). While the difference in pulse pressure between the groups approached towards 

significance (mean difference = 5 mmHg, p=0.06), no significant difference was observed in 

stroke-to-door or stroke-to-imaging time between the two groups (p>0.05). 

 

Figure 30: Comparison of age and NIHSS scores between SICH and Non-SICH cohorts. Red line 

represents the median, while asterisk represents the mean value. 
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Comparison of categorical variables between the groups indicated a significantly higher 

proportion of patients with NIHSS  16 in the SICH group relative to the non-SICH group 

(44.6% vs 23.7%, p=0.0005) (Table 34). Similarly, the history of hypertension was found to be 

significantly higher in the SICH group than in the non-SICH group (78.6% vs 63.9%, p=0.0261). 

Furthermore, a significantly higher proportion of patients from SICH group were on 

antithrombotic medication prior to the treatment, relative to the non-SICH cohort (60.7% vs 

45.9%, p=0.0318). A higher number of patients in the SICH group had the history of 

hyperlipidemia, as compared to the non-SICH group (53.6% vs 42.1%), however, the difference 

was not significant (p=0.0927).  



193 

 

Table 33: Comparison of continuous variables between SICH and non-SICH (normal) cohorts using t-test (for means) and Mann-Whitney U-test 

(for medians). Cohort count (number of patients), and mean, standard deviation, median, and inter-quartile range (IQR) are provided for each 

variable. The significance level is 95% (p<0.05). One asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate 

p≤0.001. 

t-Test

Features Count Mean Std. Median ( IQR ) Count Mean Std. Median ( IQR ) p value p value

Age (Years) 56 77.6 9.6 79.5 ( 70.0 - 84.0 ) 834 71.4 14.1 74 ( 63.0 - 82.0 ) 0.0005 *** 0.0001 ***

Stroke Onset Hour (0-23) 56 13.1 4.3 13 ( 10.0 - 16.0 ) 834 12.7 4.9 12 ( 9.0 - 16.0 ) 0.4870 0.3228

Stroke-to-Door Time (min) 56 83.0 48.4 75 ( 52.0 - 113.5 ) 834 77.0 46.3 70 ( 50.0 - 101.0 ) 0.9268 0.9990

Stroke-to-Imaging Time (min) 55 117.4 47.3 114 ( 85.8 - 143.0 ) 824 116.9 52.4 107.5 ( 80.0 - 148.0 ) 0.6888 0.9840

Systolic Blood Pressure (mm Hg) 56 154.8 26.1 159 ( 139.5 - 170.5 ) 834 149.9 22.8 150 ( 133.0 - 166.0 ) 0.2927 0.2019

Diastolic Blood Pressure (mm Hg) 56 80.7 19.3 79 ( 70.0 - 94.0 ) 834 80.8 14.6 80 ( 70.0 - 90.0 ) 0.3030 0.3305

Pulse Pressure (mm Hg) 56 74.1 21.6 74 ( 60.0 - 89.0 ) 834 69.1 20.7 69.5 ( 54.0 - 83.0 ) 0.0601 0.0601

Glucose Before Treatment (mmol/l) 56 8.2 2.9 7.4 ( 6.1 - 9.6 ) 834 7.5 3.1 6.7 ( 5.7 - 8.1 ) 0.3990 0.2021

NIHSS Score 56 13.9 6.3 14.5 ( 9.5 - 19.0 ) 834 10.5 6.5 9 ( 5.0 - 15.0 ) 0.0002 *** 0.0000 ***

Modified Rankin Score (mRS) 53 0.8 1.2 0 ( 0.0 - 2.0 ) 785 0.7 1.2 0 ( 0.0 - 2.0 ) 0.3133 0.1769

Weight (kg) 56 78.1 12.4 80 ( 70.0 - 86.0 ) 834 77.1 16.5 77.5 ( 65.0 - 88.0 ) 0.5957 0.6633

Stroke-to-Treatment Time (min) 56 178.0 56.7 172.5 ( 140.0 - 215.5 ) 834 171.8 56.2 166.5 ( 133.0 - 206.0 ) 0.9390 0.6938

SICH (ECASS 2) Cohort Non-SICH (ECASS 2) Cohort
Mann-Whitney 

U Test
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Table 34: Comparison of categorical variables between SICH and non-SICH (normal) cohorts using chi-square tests. Presence of categorical 

condition (count), and percentage of cohort with categorical condition (% Proportion) are provided for each variable.  The significance level is 

95% (p<0.05). One asterisk indicates p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate p≤0.001. 

Features Count % Proportion Count % Proportion

Gender (Male) 31 55.4 453 54.3 0.8797

Stroke onset 7-11 Hr (morning) 17 30.4 312 37.4 0.2899

Stroke onset 12-17 Hr (afternoon) 26 46.4 288 34.5 0.0713

Stroke onset 18-22 Hr (evening) 10 17.9 164 19.7 0.7413

Stroke onset 23-6 Hr (Night) 3 5.4 70 8.4 0.4228

Stroke onset in the hospital 3 5.4 52 6.2 0.7917

On Antithrombotic (Any) 34 60.7 383 45.9 0.0318 *

On Antithrombotic (Aspirin) 26 46.4 283 33.9 0.0573

On Antithrombotic (Clopidogrel) 3 5.4 82 9.8 0.2700

On Antithrombotic (Dipyridamole) 2 3.6 12 1.4 0.2144

On Antithrombotic (Other Antiplatelet) 1 1.8 1 0.1 0.0108 *

On Antithrombotic (Warfarin) 4 7.1 35 4.2 0.2971

NIHSS >= 16 25 44.6 198 23.7 0.0005 ***

Modified Rankin Score (mRS) >  1 14 25.0 200 24.0 0.8628

History of Hypertension 44 78.6 533 63.9 0.0261 *

History of Diabetes 16 28.6 189 22.7 0.3093

History of Hyperlipidaemia 30 53.6 351 42.1 0.0927

Current Smoker 3 5.4 112 13.4 0.0813

Previous Smoker 12 21.4 152 18.2 0.5495

History of prior stroke 6 10.7 114 13.7 0.5309

History of Atrial Fibrillation 22 39.3 242 29.0 0.1034

History of Congestive Heart Failure 3 5.4 93 11.2 0.1761

pValue

SICH Cohort ( N = 56 ) Non-SICH ( N = 834 ) Chi-Square Test
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6.4.3 Key risk factors 

Two-tailed t-test on the continuous variables revealed that patient age, pre-treatment NIHSS 

score and pulse pressure were highly associated with SICH. Chi-square test on stratified 

continuous variables and existing categorical variables demonstrated that SICH is significantly 

influenced by clinical and demographic conditions including, older age (age > 75  years), higher 

blood pressure, higher severity of stroke (NIHSS > 10), pre-treatment antithrombotic and history 

of medical conditions like hypertension and hyperlipidaemia (Table 35).  

Table 35: Key risk factors for SICH. Risk factors (clinical variable and specified value range) are 

presented with corresponding odds ratio (OR), 95% confidence interval, significant level (p value) and 

individual risk score (Points) are provided. The SICH risk score is the sum of the individual points 

corresponding to the risk factors present. The significance level is 95% (p<0.05). One asterisk indicates 

p≤0.05, two asterisks indicate p≤0.01, while three asterisks indicate p≤0.001 

Risk factor OR 95% CI Points

Age Age > 75 y 4.5  (2.4 - 8.7) 0.0000 *** 5

On medication - Any antithrombotic) 1.8  (1.0 - 3.1) 0.0395 * 2

On medication - Dipyridamole 3.8  (0.8 - 18.5) 0.0726 2

NIHSS NIHSS > 10 2.9  (1.7 - 5.3) 0.0001 *** 3

Diastolic BP Diastolic BP > 110 mmHg 1.9  (0.8 - 4.4) 0.0923 2

Diastolic BP Diastolic BP > 122 mmHg 10.3  (1.7 - 62.7) 0.0019 ** 8

Pre-treatment Glucose Glucose > 8.9 mmol/l 2.7  (1.5 - 4.8) 0.0005 *** 2

Hyperlipidemia History of Hyperlipidaemia 2.2  (1.3 - 3.9) 0.0046 ** 2

Hypertension History of Hypertension 2.4  (1.2 - 4.6) 0.0104 * 2

Pulse Pressure > 85 mmHg 1.7  (0.9 - 3.1) 0.0803 2

Pulse Pressure > 110 mmHg 4.5  (1.4 - 14.2) 0.0049 ** 3

Stroke Onset Hr Stroke onset 7-11 Hr (morning) 2.8  (0.9 - 9.0) 0.0780 3

Systolic BP > 150 mmHG 1.9  (1.1 - 3.3) 0.0210 * 2

Systolic BP > 212 mmHg 10.3  (1.7 - 62.7) 0.0019 ** 8

Age & Diastolic BP Age > 85 y, and Diastolic BP > 105 mmHg 6.1  (2.3 - 16.4) 0.0000 *** 3

Age & Hypertension Age > 85 y, and History of hypertension 2.1  (1.0 - 4.3) 0.0429 * 1

Age & NIHSS Age > 80 y, and NIHSS > 7 3.5  (2.0 - 6.1) 0.0000 *** 2

Age & Weight Age > 85 y, and Weight > 73 kg 2.5  (0.9 - 6.8) 0.0553 1

53

p value

Maximum Score (Total Points)

Antithrombotic Medicated

Pulse (Systolic - 

Diastolic) Pressure

Systolic BP

 



196 

 

The list of key risk factors indicates that older patients (age > 75) are 4.5 times more likely to 

develop SICH following thrombolysis than patients aged under 75. Patients who are already on 

antithrombotic medication were found to be at increased risk of developing SICH. Risk factors 

for SICH included the combined effect of both clinical and demographic variables. For example, 

weight alone didn’t influence the risk of SICH; however, older patients with weight greater than 

73 kg were found to be at increased risk of SICH development (OR=2.5, p=0.0553). Similarly, 

older patients (age > 85 years) with diastolic blood pressure higher 105 mmHg (OR = 6.1, 

p<0.001) were found to be at 3 times higher risk of developing SICH than patients with blood 

pressure higher than 110 mmHg alone (OR=1.9, p=0.0923). 

The odds ratios were rounded off and converted into risk points (Table 35). For example, older 

patients will have 5 points added to their risk score if their age was great than 75 years. The risk 

points for a variable with overlapping value ranges as risk factors were distributed in cumulative 

manger. For example, risk point of 2 was assigned for pulse pressure > 85 mmHg (OR = 1.7, 

rounded off to 2) and the risk factor pulse pressure > 110 (OR = 4.5, rounded off to 5) was 

assigned 3 points as the condition of pulse pressure > 110 also included the condition pulse 

pressure > 85. The points were halved for a risk factor involving two variables. For example, the 

risk factor Age > 80 years and NIHSS > 7 (OR 3.5) was assigned 2 points. The risk score varied 

from 0 (corresponding to no risk factor) to 53 (presence of all the risk factors). 

6.4.4 Risk zones 

The continuous risk score from 0-53 was stratified into 4 zones of varying severity levels using 

k-means clustering (Table 36). The “very low risk” zone included patients with risk score under 

7 and accounted for 1.75% of SICH patients in the training dataset, translating to a relative risk 

of 0.3 (a factor relative to cohort SICH probability of 6.3%) (Figure 31). A slightly higher 
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proportion of SICH cases (3.47%) fell in the “low risk” zone which included patients with risk 

score between 7 – 12, and relative risk of 0.6. The SICH proportion increased to 9.16% in the 

“moderate risk” zone accounting for patients with risk score between 13 – 19, and a relative risk 

of 1.5.  The highest proportion (15.32%) of SICH cases were the patients with a risk score of 20 

and beyond, falling under “high risk” zone with a relative risk of 2.4. Patients in the moderate- 

and high-risk zones, with relative risk over 1, were found to be at high risk of developing SICH 

following thrombolysis in comparison to an average SICH rate of 6.39% in the overall dataset 

used for analysis. An increase in the SICH proportion with higher risk score is also indicated by 

distribution of patients over age and risk score as well (Figure 32). 

 

Table 36: SICH risk zones. The risk score range (0 – 53) is divided into zones of varying risk of patients 

developing SICH following thrombolysis, with SICH rate and relative risk for each zone.  

Risk Zone From To SICH Count Total Patients SICH Rate 95% CI

Very Low 0 6 3 171 1.75%  (0.0% - 3.7%) 0.3

Low 7 12 12 346 3.47%  (1.5% - 5.4%) 0.6

Moderate 13 19 24 262 9.16%  (5.7% - 12.7%) 1.5

High 20 53 17 111 15.32%  (8.6% - 22.0%) 2.4

Sum 56 890

Risk Score Relative Risk 

of SICH
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Figure 31: Graph depicting the SICH rate and relative risk of SICH for the four risk zones identified. 

 

 

Figure 32: Stratification of risk score into four risk zones and distribution of SICH and non-SICH cases 

with risk score. 
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6.4.5 Risk validation with ROC 

For the training dataset, the SICH risk classification ability of the continuous risk score, as 

represented by the area under the ROC curve or C-statistics, was 0.761 (95% confidence interval: 

0.679 – 0.844), while the C-statistic for stratified risk zones was found to be 0.717 (95% 

confidence interval: 0.630 – 0.807) (Figure 33). When the risk score classifier was tested using 

validation dataset, the C-statistics for continuous risk score was 0.723 (95% CI: 0.630 – 0.807), 

and 0.697 for the stratified risk zones (95% CI: 0.630 – 0.807) (Figure 34). 

 

 

Figure 33: Assessment of SICH classification performance of the proposed risk score on the training 

dataset using receiver operating characteristics curve. While the blue trace indicates the performance of 

continuous risk score (0 – 53), the red trace indicates the performance of SICH risk zones. 
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Figure 34: Assessment of SICH classification performance of the proposed risk score on the validation 

dataset using receiver operating characteristics curve. While the blue trace indicates the performance of 

continuous risk score (0 – 53), the red trace indicates the performance of SICH risk zones. 

 

6.5 Discussion 

Using the routinely available pre-treatment, clinical and demographic information, a novel SICH 

risk prediction model was developed to help clinicians make decisions on thrombolytic treatment 

for patients with acute ischemic stroke. The model was developed using the records of 1270 

patients from TIPS study and was found to perform satisfactorily on an internal validation 
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cohort, with C-statistics > 70%. The risk score predicted SICH in the training dataset with 

OR=1.15, (95% CI: 1.10 – 1.20, p<0.001) and area under the ROC curve of 0.761 (95% CI: 

0.679 – 0.844). With the validation dataset, the risk score predicted the SICH cases with 

OR=1.09 (95% CI: 1.10 – 1.20, p=0.0139), and area under the ROC curve of 0.723 (95% CI: 

0.630 – 0.807). Moreover, the prediction model has been translated as a mobile application for 

use by the clinicians in making a swift decision about thrombolytic treatment to the eligible 

patients in an emergency setting. 

For acute ischemic stroke patients undergoing thrombolysis, SICH remains a serious 

complication. Despite the proven benefits of rt-PA therapy, more than 40% of eligible ischemic 

stroke patients remain untreated (D. L. Brown et al. 2005). The uncertainty regarding whether 

the SICH risk outweighs the benefits of rt-PA remains a challenge for timely treatment of the 

eligible patients (Kent et al. 2015). A clinical score that accurately predicts the risk of SICH 

could be used as a screening tool for administering rt-PA, of which is still the only FDA-

approved medical therapy for ischemic stroke. Unfavourable outcomes in patients undergoing rt-

PA has been associated with several clinical parameters that could ultimately be incorporated 

into a risk prediction tool (Hacke et al. 2008; Meretoja et al. 2014; Lees et al. 2010; Saver 2007). 

However, developing a computationally simple risk score using minimal critical parameters with 

good prediction accuracy remains a challenge. While multiple clinical scores and prediction 

models have been developed for estimating the risk of SICH and individualize the prognosis, few 

have been implemented in the clinical settings. In the present study, a SICH risk prediction 

model was proposed that utilizes clinical and demographic information routinely available at the 

time of treatment. This model is was translated to a mobile application for implementation in 

routine clinical care. As a screening tool, the proposed prediction model may help in patient 
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triage and shorten the time in making the decision for thrombolytic treatment in emergency 

settings. 

Multiple predictive models have been developed to estimate the risk of a patient developing 

SICH following thrombolysis, including the Stroke-TPI, ASTRAL, DRAGON, iScore and others 

(Ntaios et al. 2012; Tong et al. 2014; Asuzu 2017). Many of these models share several 

important features. For example, SICH risk in these models is mainly predicted by stroke 

severity (NIHSS) and patient age. Glucose is the next commonly used clinical variable by some 

of the risk scores including Stroke-TPI, DRAGON, ASTRAL, MSS, HAT, SEDAN and few 

others. Our findings, consistent with results from other studies (Tong et al. 2014; Asuzu et al. 

2015; D Strbian et al. 2012; Ntaios et al. 2012; Lou et al. 2008; Klemperer et al. 2014; Daniel 

Strbian et al. 2012), suggest that the risk of a patient developing SICH after being administered 

thrombolysis is dependent on age, higher NIHSS, higher blood pressure, and history of 

hypertension and hyperlipidaemia. These predictors were also used in iScore (Saposnik, Kapral, 

et al. 2011), a scoring tool to predict the risk of complications from rt-PA. While iScore used 

smoking as one of the risk factors, we didn’t find smoking to be positively associated with SICH 

following thrombolysis. Further, we found the history of hyperlipidaemia as one of the risk 

factors for SICH, as identified by Tong and colleagues (Tong et al. 2014); however, none of the 

other risk scores utilized hyperlipidaemia as a risk factor for SICH. Though the interaction 

between age and NIHSS was found significant for a 3-month favourable outcome (Lees et al. 

2010), none of the clinical scores considered the interactions between clinical variables. Our 

study, however, included few interaction terms, which produced a higher odds ratio for SICH 

risk, including age*NIHSS, age*diastolic blood pressure, age*hypertension, and age*weight.  
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The proposed risk score model for SICH estimation has few caveats. First, the TIPS data 

includes patient records only from Australian hospitals and findings of the study may not 

generalize to the global population. However, the multi-centre nature of the study reduces the 

regional bias in the dataset. Second, the development of the predictive model used data from a 

smaller number of patients. Nevertheless, having close to 1000 patients in the study gave us 

enough statistical power to identify the important predictive risk factors within our model. Third, 

a portion of TIPS data was used as validation dataset and future studies are needed to validate 

our results using larger, external datasets. Lastly, we followed the ECASS-II definition of SICH 

for the outcome variable which may produce a slightly different result than when using other 

SICH definitions like NINDS or SITS-MOST. For example, studies following NINDS definition 

would tend to overestimate the occurrence of SICH as it includes minor cases of haemorrhages. 

 

6.6 Conclusion 

In the current study, we developed a prediction model for estimating the risk of a SICH event 

following thrombolysis using pre-treatment clinical and demographics information routinely 

available at the hospital. The model was developed into a mobile application that may be a useful 

patient screening tool for the clinicians to mitigate the high mortality associated with SICH. With 

the possibility of continuously updating the prediction model for better accuracy while clinicians 

use it to estimate the SICH risk for new patients, the SICH risk prediction app and clinician’s 

expertise together, may help them make difficult decisions in an emergency setting. 
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Chapter 7: Conclusions and Future 

Research 
 

 

7.1 Summary of contributions and conclusions 

Effective management of stroke requires timely medication to stabilize the clinical condition 

(with the aim of salvaging the ischemic penumbra and minimizing harm due to post-rt-PA 

haemorrhagic complications), as well as rigorous rehabilitation therapy (with added precision 

and motivation) to bring ADL toward pre-stroke levels. The research presented in this thesis 

focused on the influence of audio-visual feedback and engagement during pedalling-based 

physical rehabilitation in stroke survivors with lower limb disabilities, and on the prediction of 

haemorrhagic complication following thrombolytic therapy in ischemic stroke patients. The 

research presented in this thesis makes two primary contributions: firstly, developing a predictive 

model that will help predict risks from bleeding and therefore prevent complication of 

thrombolytic therapy; and secondly, new approaches to developing better rehabilitation programs 

to reduce disability of stroke. A summary of the main contributions and conclusions 

corresponding to the above research questions is presented as follows.  

Chapter 2 reviews the current literature related to feedback and participant engagement methods 

employed during physical rehabilitation of stroke patients. One of the key objectives of post-

stroke rehabilitation therapy is to reduce further loss of functionality and improve the physical 

function through the repetitive and guided motion of the affected limbs, which could lead to the 

restoration of motor function. Unfortunately, the tedious, repetitive nature of many exercise 
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regimes results in a lack of motivation and poor adherence to the prescribed program. Studies 

involving interactive gamification of the exercises, music/video and other external stimuli have 

been shown to engage the participants and improve exercise compliance. The science behind 

stroke rehabilitation is far from perfect. Current post-stroke rehabilitation programs do not 

necessarily entertain formal objective measures other than gross motor-based scales. There is a 

need for objective measurement of a patient’s exercise regime to help clinicians assess the 

effectiveness of the therapy and individualise the exercise prescription with engaging features to 

suit patient needs and preferences. This is likely to be of help in building the scientific 

underpinning of stroke rehabilitation.  This formed the basis of Chapter 3 – 5, which aimed to 

develop novel methods for improving the effectiveness of exercise therapy and patient 

motivation for exercise adherence. 

In Chapter 3, the design of an exercise monitoring study is presented where visual feedback on 

exercise performance and video-based engagement techniques during pedalling sessions are 

employed in healthy individuals and stroke patients. Existing data have demonstrated 

improvements in exercise compliance and performance in healthy individuals through the use of 

speed-feedback and audio-visual engagement during pedalling. However, the influence of real-

time exercise feedback and video-based engagement on physiology and exercise performance 

during pedalling has not been investigated to date, especially for stroke patients. This Chapter 

designed an experimental study to (i) assess the safety and feasibility of real-time exercise 

monitoring, especially in a clinical setting, and (ii) quantify the influence of exercise feedback 

and video-based engagement on pedalling performance and physiological parameters including 

heart rate (HR), blood oxygen saturation (Sp02) and workload (% of HR reserve) in stroke 

patients with mild-to-moderate lower limb disability, and to compare the results with that of 
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healthy participants. Being a feasibility study with a small cohort, the success of the study 

creates an effective path to larger-scale clinical trials. This study will help to identify technology-

aided interventions for improved engagement of patients to motivate them and produce better 

rehabilitation compliance. 

Chapter 4 described an exercise monitoring study of eighteen healthy individuals and tested the 

hypothesis that video-engagement and exercise parameter feedback during pedalling would 

improve pedalling performance and reduce exercise-induced changes in Sp02 and HR. Real-time 

visual feedback of exercise performance, as well as video-based engagement, were observed to 

improve targeted speed pedalling performance by reducing pedalling speed variability. While 

real-time exercise performance feedback during pedalling improved cardiovascular performance 

by lowering HR and improving oxygen uptake, it was the active video-based engagement that 

provided a more substantial improvement in cardiovascular performance, particularly during 

high speed pedalling. The findings of this study with healthy individuals suggest that audio-

visual stimuli during an exercise session may help to reduce the exercise-induced burden and 

improve participants’ enjoyment and motivation. This feasibility study also proved the reliability 

of the pedalling-based exercise monitoring technology, indicating that it could be employed for 

the study of stroke patients. As per the recently published report on Global Burden of Disease, 

neurological disorders are the leading cause of disability worldwide. The findings of this study 

will have a direct impact across all the leading neurological disorders. 

Chapter 5 extended the exercise study from Chapter 4 to include thirteen stroke patients from 

routine outpatient of Western Health (Sunshine Hospital) with mild-to-moderate disability in the 

lower limb. With potential cognitive and functional impairments of varying levels following a 

stroke event, the patients were hypothesised to respond to the exercise conditions differently to 
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healthy controls. Comparative analysis revealed that under video-based feedback and 

engagement, stroke patients exhibited a significantly smaller absolute deviation from the low-

speed target compared to baseline pedalling. Unlike the observations with healthy subjects, no 

significant changes in physiological parameters were observed in stroke patients during pedalling 

with feedback, or video-based engagement. This contrasting observation may have been 

attributed to post-stroke functional deficits and ANS impairments in the patient cohort. The 

findings highlight that participants respond to exercise prescription differently and that there is a 

need for individualization of exercise therapy to cater to varying preferences to improve exercise 

compliance. Post-study surveys of the participants suggested the application of feedback and 

video-based engagement would make the exercise sessions enjoyable and may have the potential 

to improve overall patient satisfaction and adherence to future exercise therapy. The exercise 

monitoring studies presented in this Chapter, being a single-centre pilot study, demonstrates the 

feasibility of real-time exercise monitoring in a clinical setting and provides feasibility for a 

multi-centre clinical trial with a larger cohort. 

Chapter 6 involved devising a predictive score to estimate the risk of symptomatic intracerebral 

haemorrhage (SICH), with the translation of this prediction model to a mobile application for use 

in an acute stroke care setting. SICH is a major complication of thrombolytic therapy used to 

treat acute ischemic stroke and is considered to deteriorate neurological functions, increase 

mortality and severe disability rates. There is a need to develop a SICH risk estimation tool that 

could assist clinicians in excluding patients that have a high risk of developing thrombolysis 

thereby potentially reducing complications. The findings of the study suggested that occurrence 

of SICH was significantly influenced by patient age, NIHSS score, blood glucose level, blood 

pressure, history of hypertension and hyperlipidaemia, and included as key risk factors in the 
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proposed risk score to predict the risk of SICH. Unlike current existing risk scores, the proposed 

prediction model also considered the interaction between variables that influenced the 

occurrence of SICH such as age*NIHSS, age*weight, and age*hypertension. With a current 

accuracy level of over 70%, the proposed risk score, together with the clinician’s expertise, may 

help clinicians make difficult decisions in an emergency setting and timely administering 

thrombolysis to the eligible patients. 

7.2 Future research 

This thesis explored two aspects of holistic stroke care: making the physical rehabilitation more 

engaging for participants, and improving the effectiveness of physical rehabilitation through 

increased participation and helping the clinicians with SICH risk estimation to reduce 

unfavourable complications and haemorrhagic death before administering thrombolytic 

treatment.  

The current exercise study presented in this thesis was single-centred and carried out with a 

smaller cohort. Having proven the safety and feasibility of exercise monitoring, a multi-centre 

study ought to be planned with a larger population to validate the benefits of feedback and 

engagement during exercise. The present study included stroke patients with varying levels of 

disability in the lower limb. Since the custom pedalling mechanism used for the study is portable 

and can equally be used for upper limb rehabilitation, a logical next step would be to extend the 

technology and analytical approaches to stroke survivors with upper limb hemiparesis. 

Ultimately, the approaches adopted may be easily extended to other cohorts, including people 

recovering from orthopaedic surgery or suffering from other neuromuscular disorders such as 

Parkinson’s disease. The novel mechanism developed for objective exercise monitoring and 

participant engagement could easily be extended to future research and therapies involving 



210 

 

physical rehabilitation such as sports training, posture correction, core strength and chronic pain 

management. The portable pedalling device may also be useful in the home-based rehabilitation 

setting for objective data collection, offering feedback and guidance to the patient on exercise 

performance and reducing the dependency on physiotherapists. Future research could investigate 

the motivational aspects of the video, including how the choice of video/film affects the level of 

exercise engagement and dissociation from exertion. Furthermore, the effects of different 

exercises, other than pedalling, of varying intensity can be explored to extend the benefits to 

wider rehabilitation therapies. A longitudinal study with stroke patients in rehabilitation may 

help to establish recovery assessment through exercise performance indices.  

Chapter 6 of this thesis demonstrated a predictive tool for quantifying the risk of haemorrhagic 

complications using routinely available clinical and demographic information, before treatment. 

When implemented as part of routine stroke care, it may assist clinicians in screening patients 

and administering thrombolytics to eligible patients that benefit the most from the therapy. 

Extending the study to a larger patient population spanning across different geographical 

locations could further validate the robustness of the predictive model. The mobile application 

can be modified to additionally collect feedback on the accuracy of the predicted risk estimates 

from clinicians. Experienced clinicians could rate the outcome predicted by the proposed model 

or provide their assessment of the SICH risk based on patient data, which would help to validate 

the outcome measures. Evaluation of clinicians’ assessments against the predicted SICH can be 

regularly used to improve the accuracy of the predictive model. This would ultimately involve 

access to global patient data on large cohorts. The predictive model reported could also be 

translated as a web-based or computerised tool and integrated within a hospital’s workflow. Such 

integration would allow convenient access to patient data and predicted risk estimates to the 
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hospital staff. This has the potential to reduce wait times in the emergency department with 

positive translational impact. Future research ought to look at extending the analytical approach 

to predict other clinical outcomes such as recovery trend or mortality risk in different 

timeframes. The estimation of the length of stay, for example, could help to better plan and 

optimize the hospital resources for enhanced clinical productivity. Additionally, the predictive 

model could be trained using advanced machine learning techniques to predict the risk of other 

diseases like diabetes, stroke and heart failure. 
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Appendix A: Patient Information and 

Consent Form 
 

Ethical approval for the exercise monitoring study (Chapter 4 and 5) was obtained from Western 

Health, Human Research Ethics Committee (Project Number: HREC/16/WH/31). Prior to 

participation, all the participants were briefed on the study protocol and informed consent was 

obtained. The following Patient Information and Consent Form (PICF) was used in testing of 

both healthy individuals and stroke patients. 
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Appendix B: Survey Questionnaire 
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Appendix C: Mobile Application for SICH 

risk estimation 
 

A mobile application was developed to implement the predictive model created for SICH risk 

estimation (Chapter 6). SICH risk, as calculated from the pre-treatment clinical and demographic 

data of representative patients, is displayed in the following screen captures. 

  

Figure 35: SICH Risk Estimator application. (a) Start-up screen, (b) risk estimation for a hypothetical 

patient profile falling under ‘very low risk zone’.  
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Figure 36: Mobile interface SICH risk estimation for (a) a hypothetical ‘moderate risk’ patient profile, 

and (b) a hypothetical ‘high risk’ patient profile 

.  
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